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ABSTRACT  
Carbon dioxide (CO2) storage in geological media has attracted global interest as a mitigation 
strategy for reducing anthropogenic CO2 emissions. Aquifers are particularly attractive CO2 sinks, 
in part due to their extensive storage capacities, favourable petrophysical characteristics, and their 
proximity to CO2 source nodes. To date, studies of CO2–water–rock interactions have almost 
exclusively focussed on CO2 storage in deep saline aquifers. However, in locations lacking suitable 
saline reservoirs, such as in southeast Queensland, Australia, where aquifers are generally of low 
salinity, alternative storage options are being considered. One such option under active assessment 
is the lower interval of the Jurassic-aged Surat Basin, comprising the Precipice Sandstone, a 
potential low-salinity primary reservoir, the overlying Evergreen Formation, an interformational 
seal, and the uppermost Hutton Sandstone, an internally-baffled unit with mixed reservoir-seal 
characteristics. 
A detailed mineralogical study of the targeted reservoir system, utilising and comparing several 
investigatory techniques, including optical microscopy, X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and hyperspectral logging (HyLogger), revealed differing lithologies for the 
three units and provided insight into their CO2 storage characteristics. The Precipice Sandstone is 
geochemically poorly-reactive, with a clean, quartzose mineralogy dominated by quartz and 
kaolins. The Evergreen Formation is geochemically reactive, containing abundant feldspar, 
smectite, chlorite, carbonate and kaolinite. Nonetheless, the fine-grained nature and generally poor 
reservoir quality indicate an effective interformational seal. The Hutton Sandstone is a 
heterogeneous unit with mixed reservoir-seal characteristics and reactive intervals containing 
smectite, chlorite, feldspars and lithics, in addition to common Ca–Fe–Mn–Mg carbonates. Variable 
clay matrix content and porosity, and locally-significant cementation, indicate a heterogeneous unit 
with the capacity to buffer emplaced CO2, providing an additional vertical component of capture 
and storage to the Surat Basin reservoir system. 
The CO2–water–rock interactions in low-salinity host formations remain largely unexplored for 
conditions relevant to CO2 injection and storage. In particular, there are uncertainties surrounding 
the impact of these interactions on mineralogy and rock quality characteristics of both reservoir and 
seal lithologies in the near-wellbore environment. Batch-reaction experiments conducted under 
simulated reservoir conditions (T = 60 °C, P = 120 bar) for 16–18 days, coupled with high-
resolution mineralogical and microstructural studies of rock samples, established that injection of 
CO2 into low-salinity formations will result in geochemical reactions that are highly dependent on 
lithology. Changes in aqueous fluid chemistry are attributed to the dissolution and desorption of 
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material into the fluid phase. Where present, carbonates dissolved rapidly in the early stages of the 
experiment, whilst reactive silicate minerals followed a gradual, linear dissolution trend. Detailed 
rock sample characterisation before and after CO2 exposure, using SEM and registered micro-
computed tomography (micro-CT), confirmed partial dissolution of minerals, including carbonates, 
chlorite, biotite-group members ± feldspars. Kinetic modelling of the CO2–water–rock reactions 
successfully reproduced the trends observed in fluid chemistry.  
From the experiments, expected initial reactions in the near-well region include partial dissolution 
of carbonates, chloritic clays and annite, followed by longer-term dissolution of less-reactive 
silicates, such as feldspars. Carbonate dissolution was observed to increase porosity in cemented 
samples, which is predicted to improve injectivity in the near-well environment. Dissolved cations 
are expected to contribute to mineral trapping of CO2 through the precipitation of carbonates, 
particularly in internally-baffled intervals where CO2 is likely to be slowed by tortuosity and 
retained through capillary trapping. 
An investigation of the diagenetic history of the Surat Basin reservoir system revealed complex 
CO2–water–rock interactions that were predominantly determined by lithology, i.e. dependent on 
composition and texture, with reservoir and seal intervals variably affected. Diagenetic reactions 
resulted in preferential carbonate cementation and a reduction in effective porosity in the internally-
baffled intervals of the Hutton Sandstone and Evergreen Formation, in the permeable intervals of 
the Precipice Sandstone, these interactions lead to the dissolution of labile components and the 
creation of secondary porosity. These processes were identified to require geochemically “open” 
conditions. 
These ancient CO2–water–rock interactions are analogous to the long-term physiochemical 
processes that occur following CO2 injection, providing insight into the reservoir quality impacts of 
CO2 storage in the Surat Basin. When coupled with experimental work and kinetic modelling, using 
the diagenetic history of the reservoir system as a natural analogue for model validation allows 
future CO2–water–rock interactions in the targeted open low-salinity reservoir system to be 
predicted. 
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CHAPTER 1 
Introduction 
Image: Photomicrograph from the Hutton Sandstone (10× magnification, XPL), showing a natural 
example of mineral sequestration of CO2, in the form of carbonate cement precipitation. Calcite fills 
fractures in quartz grains and overprints existing minerals. 
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1. INTRODUCTION 
“In questions of science, the authority of a thousand is not worth the humble reasoning of a single 
individual.” 
– Galileo Galilei, 1632   
1.1 Motivation for the research  
1.1.1 Carbon dioxide geosequestration  
Globally, CO2 contributes over 75% of total anthropogenic greenhouse gas emissions. Despite the 
international focus on CO2 mitigation in the last decade, CO2 emissions increased by 90% between 
1970 and 2010, with CO2 from fossil-fuel sources accounting for 78% of the total increase (Blanco 
et al., 2014). Capture and storage of carbon dioxide (CO2) is one of the mitigation strategies 
currently being explored to reduce greenhouse gas emissions, with similar processes utilising the 
injection of supercritical CO2 into geological media applied routinely in the energy industry through 
enhanced oil recovery (Bachu et al., 1994). Investigations of potential geological CO2 storage 
options have identified aquifers as particularly attractive, in part due to their extensive potential 
storage capacities, favourable porosity and permeability characteristics, and their geographical 
proximity to CO2 source nodes (Bachu et al., 1994; Michael et al., 2009). So far, studies of CO2–
water–rock interactions have largely investigated CO2 storage in deep saline aquifers. However, in 
locations lacking saline groundwater reservoirs, such as in Queensland, Australia, where aquifers 
are generally fresh or have low salinity, alternative storage options may need consideration. One 
such option under active assessment is the geological storage of CO2 in the low-salinity Jurassic-
aged Surat Basin, Queensland, Australia. The targeted formations in the Surat Basin system include 
the Precipice Sandstone, a potential reservoir, the Evergreen Formation, a potential seal, and the 
Hutton Sandstone, an overlying unit with mixed reservoir-seal characteristics. Prior to the 
implementation of a pilot study or commercial operations in the proposed target region, a 
significant amount of research must be conducted on the potential CO2–water–rock interactions that 
may occur in low-salinity storage reservoirs. 
1.1.2 Geological requirements for CO2 storage  
The safe and effective disposal of carbon dioxide through injection and storage of CO2 into 
siliclastic groundwater reservoirs is dependent on a number of factors, including adequate storage 
capacity, injectivity potential and containment (Bachu, 2002; Bradshaw et al., 2002; Kaldi and 
Gibson-Poole, 2008; Solomon et al., 2008; Bradshaw et al., 2009; Kaldi et al., 2009). These factors 
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are dependent on the reservoir properties of volumetric storage capacity, porosity and permeability 
properties, and the geochemical reactivity of the geological media. In the last decade, there have 
been several attempts to characterise the reactive response of supercritical CO2 and brine at ambient 
and simulated reservoir conditions in the form of field (e.g. Emberley et al., 2004; Torp and Gale, 
2004; Hovorka et al., 2006; Kharaka et al., 2006; Rutqvist et al., 2010), experimental (Kaszuba et 
al., 2003; Kaszuba et al., 2005; Rosenbauer et al., 2005; Bertier et al., 2006; Wigand et al., 2008), 
and numerical modelling (Xu et al., 2004; Ennis-King et al., 2005; Ketzer et al., 2009) studies to 
investigate the physical and chemical interactions. Despite the importance of understanding these 
CO2–water–rock interactions during CO2 injection and storage in groundwater reservoirs and their 
implications for injectivity, storage capacity and containment, many important questions relating to 
the behaviour of the storage system remain unresolved. For example, the reactive behaviour of 
supercritical CO2 in low-salinity water conditions at pressure–temperature conditions relevant to 
geological storage remains largely unexplored.  
1.1.3 Extending our knowledge of low-salinity water subsurface CO2 interactions  
An understanding of the implications of CO2–water–rock interactions in conditions that are relevant 
to geological CO2 storage is essential to determine the impacts of injection on storage capacity, 
near- and far-well permeability, seal capacity and groundwater quality. To extend our knowledge of 
these interactions, field, experimental and modelling studies are needed. The majority of studies of  
CO2–water–rock interactions have investigated saline reservoirs in detail (e.g. Rosenbauer et al., 
2005; Bertier et al., 2006; Wigand et al., 2008; Ketzer et al., 2009; Luquot et al., 2012; Wilke et al., 
2012; Yu et al., 2012). The few freshwater studies that have been done focus on the potential risk of 
CO2 leakage into freshwater bodies following CO2 injection into underlying targeted saline 
formations (Nicot, 2008; Birkholzer et al., 2009; Smyth et al., 2009), rather than as reservoirs in 
their own right, meaning they are not assessed for pressure-temperature conditions relevant to CO2 
storage. In addition, many previous studies that simulate CO2-freshwater-rock interactions are 
limited by unrealistic conditions, such as using disaggregated materials (Little and Jackson, 2010; 
Lu et al., 2010; Humez et al., 2013) or pure mineral samples (Wilke et al., 2012). For the purpose of 
consistency of terms used in this study, water with total dissolved solids (TDS) <1 500 mg/L is 
considered “fresh” in composition, representing the maximum range of salinity of potable water 
(Quarantotto, 1989). Water with a composition of between 1 500–10 000 mg/L is considered “fresh-
brackish”, with 10 000 mg/L generally representing the maximum salinity tolerable for livestock 
(ANZECC and ARMCANZ, 2000). Water salinity compositions with TDS 10 000–35 000 mg/L are 
considered “brackish”, and those above 35 000 mg/L are deemed “saline”. In this study, results are 
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discussed primarily in terms of “low-salinity” aquifers, which generally include both “fresh” and 
“fresh-brackish” compositions. 
1.2 Specific aims of the research  
This study attempts to untangle the complications that arise from investigating the CO2–water–rock 
interactions in a low-salinity siliclastic system targeted for CO2 storage by: 
1. Characterising the complex mineralogy of the targeted storage system in detail, whilst 
comparing several investigatory techniques in terms of their application to CO2 storage site 
identification and assessment; 
2. Improving understanding of the geochemical implications of CO2 injection in low-salinity 
groundwater reservoirs by identifying any changes to chemistry and physical properties at 
conditions relevant to storage, and linking these with chemical reactions or physical 
processes that occur during CO2–water–rock interactions; and 
3. Improving understanding of the long-term impacts of CO2–water–rock interactions in low-
salinity systems, in terms of the impact on the physical and chemical reservoir properties, 
by using the diagenetic history of the lower Jurassic Surat Basin as a natural analogue for 
long-term mixed-fluid (CO2 and water) interactions in a geochemically “open” system. 
1.3 Working hypothesis  
The working hypothesis of this research was that the introduction of a mixed fluid (supercritical 
CO2 and low-salinity water) under conditions relevant to CO2 storage would lead to chemical 
disequilibrium and result in physical and chemical reactions within the storage system, which 
are dependent on time, reservoir properties (mineralogical and physical) and distance from 
the injection site. In this context, in low-salinity formations, CO2–water–rock interactions may lead 
to changes in mineralogy, porosity and permeability, and groundwater composition, depending on 
factors such as CO2 saturation levels, existing reservoir and seal mineralogy, porosity and 
permeability of the units, and time. 
1.4 Scope of the research  
This thesis is associated with the Australian National Low Emissions Coal Research & 
Development (ANLEC) project supporting field demonstrations of CO2 geosequestration with 
respect to the geochemical reactivity of CO2–water–rock, and includes collaborative research from 
the Carbon Transport and Storage Corporation Pty Ltd (CTSCo) led proposal. The research 
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presented in this thesis contributes to the ANLEC project Achieving Risk and Cost Reductions in 
CO2 Geosequestration through 4D Characterisation of Host Formations (Project 7-1110-0101). This 
thesis provides input for Part 1 of the project, focused on geochemical reaction investigations of the 
CO2-H2O-rock system of target host formations located in the Surat Basin. The research presented 
in this thesis was conducted in parallel to other studies in the ANLEC project investigating the 3D 
mechanical properties and dynamic permeability, and advancing physical and numerical models of 
fluid and mass transport at different spatial and temporal scales.  
Fresh core from the targeted formations outlined in Part 1 of the ANLEC project was unavailable 
for the duration of the thesis, necessitating the use of existing core selected to the north, east and 
west of the proposed storage site in the Surat Basin. The core samples obtained include sandstones, 
siltstones and mudstones ± claystones from the Precipice Sandstone, Evergreen Formation and 
Hutton Sandstone. 
The Surat Basin has been the subject of numerous geological investigations over several decades, 
predominantly due to its hydrocarbon potential (Exon et al., 1976; Cadman and Pain, 1998). 
Recently, exploration focus has shifted to include potential CO2 storage in the Surat Basin, with 
both the Precipice Sandstone and Hutton Sandstone identified as potential storage reservoirs 
(Bradshaw et al., 2009; Hodginkson et al., 2009; Bradshaw et al., 2011). The Precipice Sandstone is 
a clean, potentially unreactive primary sandstone reservoir, whilst the overlying Evergreen 
Formation is a heterogeneous, but predominantly fine-grained, primary seal. The uppermost unit, 
the Hutton Sandstone, is a heterogeneous and complex unit comprising both sandstone and siltstone 
intervals with mixed reservoir-seal characteristics. This study discusses CO2 injection and storage, 
in terms of the physical and chemical interactions that occur within the system, in the context of the 
local geology of the targeted storage system. However, a broad-scale study of other potentially-
related aspects, such as volumetric storage capacity, plume migration prediction, pressure gradient 
and leakage risk analysis, and social and environmental impact assessment, is beyond the scope of 
this study. 
1.5 Thesis structure  
This thesis provides an overview of the research problem and significance of the study (Chapter 1, 
followed by an extended literature review (Chapter 2) with background information relating to the 
geological storage of carbon dioxide, covering the current state of knowledge. This includes a 
discussion of field, experimental and numerical modelling studies of saline and freshwater 
groundwater reservoirs in the context of CO2 storage, the status of CO2 storage in Australia, the 
different trapping mechanisms and physical and chemical processes involved in CO2 storage in 
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geological media, and findings and limitations of the existing research on CO2 storage in low-
salinity water aquifers. Chapter 2 also introduces the study site, and outlines the importance of 
investigating a targeted storage system when exploring the physical and geochemical response of a 
low-salinity water siliclastic system to supercritical CO2. The next three chapters (chapters 3–5) 
comprise a series of papers addressing the research aims. A brief outline of these chapters is 
provided below: 
Chapter 3 characterises the detailed mineralogy of the targeted Jurassic-aged Surat Basin storage 
system, with samples taken from the Precipice Sandstone, Evergreen Formation and Hutton 
Sandstone. This chapter also provides a comparison of the different techniques for characterising 
the mineralogy of a potential storage system by comparing the results for each technique and briefly 
discussing their benefits and limitations in terms of CO2 storage assessment. Some observations on 
potential reactivity in terms of mineralogy and reservoir properties made in this paper provided the 
inspiration for further examination of CO2–water–rock interactions, which are followed up in later 
chapters. The clean, quartzose Precipice Sandstone is a poorly geochemically-reactive unit and 
characterises a traditional storage reservoir, whilst the Evergreen Formation is geochemically 
reactive with intervals of very low permeability and negligible porosity, suggesting it would serve 
as an effective regional interformational seal. The Hutton Sandstone is mineralogically 
heterogeneous, with mixed reservoir-seal characteristics, variable clay content and porosity, and 
locally-significant carbonate cement, and may have the capacity to buffer injected CO2. 
Chapter 4 directly investigates potential CO2–water–rock interactions at conditions that are 
relevant to geological CO2 storage through a series of experiments conducted under simulated basin 
pressure-temperature conditions. This chapter focusses on changes to mineralogy and porosity that 
may occur during CO2 interactions with low-salinity storage systems using batch-reaction 
experiments and applied kinetic numerical modelling. The use of samples of varied mineralogy 
allows inferences to be made on the CO2–water–rock interactions in both reservoir and seal units. 
Evidence of physical and chemical interactions, in terms of changes to mineralogy and porosity 
during mixed-fluid (supercritical CO2 and freshwater) interactions, is presented from observing 
geochemical trends of experiment fluids during CO2 exposure, and by comparing detailed whole-
rock characterisation before and after reaction. By coupling fluid geochemistry with high-resolution 
mineralogical and microstructural data from selected rock samples pre- and post-introduction of 
supercritical CO2, direct observations are made of the changes in the mineralogy and porosity of the 
geological media, and linked to the processes of mineral dissolution, mobilisation and/or 
desorption, and (re)precipitation. Numerical modelling successfully reproduces the general 
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geochemical trends observed in the experiments, providing further insight into dissolution and 
(re)precipitation processes occurring during exposure to CO2 at conditions relevant to CO2 storage. 
Chapter 5 provides information on the diagenesis of the targeted storage system by investigating 
the fluid-flow history of the system. This paper investigates the long-term physical and chemical 
impact of mixed-fluid (CO2 and low-salinity water) exposure in the Surat Basin system that records 
different stages of CO2 accumulation, and discusses these processes in terms of reservoir 
heterogeneity and quality. The local fluid-flow history of the area is investigated using carbonate 
and kaolin stable isotope data from the study well to determine the isotopic composition of 
palaeofluids and identify likely fluid sources. A local palaeogeotherm for the study area is 
calculated using vitrinite reflectance data to estimate denudation and maximum burial temperatures, 
and porosity and permeability data for the study well are linked to bore-scale diagenetic processes 
and mineral paragenesis. The revealed diagenetic interactions, in particular the fluid-flow history 
implications, provide a natural laboratory of a potential reservoir system that is geochemically 
“open”. These findings, when incorporated with numerical modelling simulations of long-term (30-
year) CO2 exposure, of provide invaluable insight into the potential long-term implications of CO2 
injection and storage 
Chapter 6 integrates and expands on the conclusions drawn in the previous chapters, providing a 
synthesis of the results in the context of the overarching aims and objectives of the thesis. This 
chapter summarises in brief the findings of the petrological characterisation of the early Jurassic 
Surat Basin system, and the identified mineralogy of the targeted formations. These observations 
allow a discussion on comparisons between lithologies that are commonly found in siliclastic 
reservoirs, and provide a basis for understanding the effects of CO2–water–rock interactions on 
reservoir and seal lithologies. This comparison is extended by integrating low-salinity batch 
reaction experiments at conditions relevant to storage and kinetic geochemical modelling, which 
allow inferences to be made on potential CO2–water–rock interactions in targeted reservoir and seal 
intervals. These inferences are further explored using palaeofluid-flow interactions as a natural 
analogue for long-term CO2–water–rock interactions in a low-salinity system, and discussed in 
terms of potential impacts on reservoir quality. Using the findings of the previous papers (chapters 
3–5), the potential long-term implications of CO2 injection and storage are discussed, in terms of 
chemistry, rock-quality characteristics, and mineralogy. 
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CHAPTER 2 
Literature Review 
Image: Photomicrograph of the Precipice Sandstone (5× magnification, PPL), showing quartz 
overgrowths in addition to extensive dissolution by acidic fluids resulting in secondary porosity. 
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2. LITERATURE REVIEW
“Continued emissions of greenhouse gases will cause further warming and changes in all
components of the climate system. Limiting climate change will require substantial and
sustained reductions of greenhouse gas emissions.” 
— Summary for Policymakers, IPCC (2013). 
2.1 Why is it so? 
2.1.1 Global greenhouse gas and CO2 emission trends 
Reported global greenhouse gases determined to have significant anthropogenic impact include 
carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and the F-gases, which comprise 
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6) (UNFCCC 
2009; Blanco et al., 2014). The IPCC (2007; 2014) identified these long-lived sources of CO2-
equivalent emissions (CO2, methane, nitrous oxide and halocarbons) as having resulted from human 
activities, with the release of more emissions compared to their removal resulting in increasing 
atmospheric concentrations of greenhouse gases since the pre-industrial era, c. 1750.  
Globally, CO2 contributes over 75% of anthropogenic greenhouse gas (GHG) emissions, with an 
80% increase between 1970 to 2010, growing from 27 ± 3.2 to 49 ± 4.5 GtCO2eq (IPCC 2007; 
Blanco et al., 2014; IPCC, 2014). During this time, CO2 emissions have increased by 90%, and 
contribute 69% of global greenhouse gas emissions as of 2010 (Blanco et al., 2014). The global 
CO2 atmospheric abundance has increased from a pre-industrial range of 275–284 ± 1.2 ppm 
(Etheridge et al., 1996) to 390.5 ± 0.2 ppm in 2011 (Hartmann et al., 2013). As of 2011, the 
globally-averaged CO2 mole fraction is 140% of the pre-industrial levels recorded prior to 1750 
(Tarasova et al., 2013). Despite mitigation of carbon dioxide becoming a significant focus 
internationally in the last decade, CO2 is attributed as being responsible for 85–90% of the annual 
increase in the radiative forcing, a measure of the "greenhouse gas effect", since 2000 (Butler et al., 
2013). Anthropogenic CO2 emissions from fossil fuel sources have more than doubled, with fossil 
and industrial CO2 emissions accounting for 78% of the increase in emissions in 2010 (Blanco et 
al., 2014; IPCC, 2014). 
2.1.2 Carbon dioxide mitigation options 
A number of options have been investigated to mitigate anthropogenic contributions to global CO2 
emissions. New practices being investigated and/or implemented in Australia include regulatory 
measures, such as implementing mandatory energy efficiency standards on manufactured goods, 
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and economic instruments of mitigation, such as subsidies, tradable permits, and the 
implementation of domestic taxes on GHG emissions (IPCC 1996). 
Technological advances which could impact the rate of greenhouse gas emission are summarised by 
the IPCC (2007), and include improved efficiency of energy supply and distribution; alternative 
low-emission fuel sources; renewable energy sources; emission-efficient electrical and industrial 
equipment; waste minimisation, material recycling and substitution; transport methods; improved 
agricultural practices and forest management, among others. Each option has advantages and 
disadvantages with respect to social, cultural, economic, environmental, and political impact, as 
well as technological and capacity requirements. 
Geological storage of captured CO2 is one of the mitigation strategies being investigated to reduce 
CO2 emissions from source nodes, such as fossil fuel operated power plants. Sedimentary basins 
host a number of potential CO2 reservoir media with a propensity to trap and store CO2, including 
clastic, carbonate and coal-bearing lithologies (Bradshaw and Dance, 2005; Kaldi and Gibson-
Poole, 2008). Proposed geological CO2 storage targets include depleted and producing oil and gas 
fields, deep or otherwise unmineable coal seams, coal-bed methane fields, and groundwater 
aquifers, amongst others (Bachu, 2000; Cook et al., 2000; IPCC 2005; Benson and Cook, 2006; 
Kaldi et al., 2009). Whilst depleted oil and gas fields demonstrate effective reservoirs and seals 
through their accumulation of hydrocarbons, in Australia they are predominantly still in production, 
have limited capacity, or are not located proximal to carbon dioxide source nodes. Geological 
storage in sedimentary basins by injection of CO2 into aquifers provides an attractive alternative due 
in part to their vast volumetric capacities to store produced CO2, geographical proximity to fossil 
fuel combustion CO2 sources, and potentially favourable porosity and permeability (poro-
permeability) characteristics (Bachu et al., 1994; Bachu et al., 2007; Bachu and Bennion, 2008; 
Michael et al., 2009). The technology behind CO2 injection is mature, with similar processes 
involving deep supercritical CO2 injection used extensively in the oil and gas industry through 
enhanced oil recovery (EOR) (Bachu et al., 1994; IPCC 2000; IPCC 2005). 
2.1.3 Geological storage in aquifers  
Significant interest in storage in geological media has translated into a large amount of research 
conducted on CO2 storage. Previously, this has predominantly been focussed on saline aquifers, due 
in part to their locations near CO2 source nodes, favourable poro-permeability characteristics, and 
lack of conflict with existing natural resources, such as potable water (e.g. Bachu, 2000; Doughty et 
al., 2004; White et al., 2005; Birkholzer et al., 2009; Michael et al., 2009). However, aquifer 
reservoir systems that have the necessary capacities for CO2 storage and that are geographically 
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proximal to CO2 source nodes—such as in the Surat Basin, Queensland, Australia—generally have 
fresh to brackish water compositions (Bradshaw et al., 2009; Hodgkinson and Grigorescu, 2012; 
Farquhar et al., 2013). Further investigation of CO2–water–rock interactions in low-salinity aquifer 
conditions are important for aquifers exploited for agricultural or industrial use, and are especially 
crucial where target aquifers are used for human consumption. 
To date, studies of CO2–water–rock interactions in fresh or fresh-brackish formations during CO2 
injection have been limited, with previous work instead predominantly focussing on the potential 
risk of CO2 leakage into freshwater bodies following CO2 injection into underlying or 
stratigraphically down-dip targeted saline formations.  
2.2 General CO2 storage site requirements  
The premise of storing CO2 in groundwater aquifers is comparable in many ways to the 
accumulation and secondary migration of hydrocarbons (Koide et al., 1992). In both hydrocarbon 
accumulation and CO2 sequestration, a porous and permeable host rock is required to allow the 
migration of hydrocarbons, and the injection of CO2, respectively. Petroleum systems are in many 
ways analogous to CO2 reservoir systems, meaning previous profiling of basins for hydrocarbon 
exploration can be used in CO2 storage assessment, as a potential reservoir which is barren and not 
prospective in terms of petroleum could be suitable for geosequestration. In oil and gas-bearing 
brine formations, hydrocarbons accumulate and migrate vertically due to their low density, 
necessitating a regional seal to trap the oil and gas. This is similar for geosequestration, where the 
upwards-migrating behaviour of an injected CO2 plume means that a regional seal or system of 
baffles is also required to contain the plume vertically (Bachu and Bennion, 2008; Hovorka et al., 
2009). This upward-migrating behaviour of an injected CO2 plume is due to differences in density 
of water and supercritical CO2 at conditions relevant to storage. For example, at P–T conditions of 
60 °C (333.15 K) and 120 bar, pure water has a calculated density of 988.3 g/cm3 (Duan and Sun, 
2003) and brackish water (with 10 000 mg/L NaCl) has a density of 995.0 g/cm3 (Mao and Duan, 
2008), whereas pure supercritical CO2 has a much lower calculated density at 439.1 g/cm3 (Duan et 
al., 1992). The density properties of CO2 are discussed in detail throughout the literature with 
respect to CO2 injection and storage (e.g. Holloway and Savage, 1993; Cook et al., 2000; Kaldi et 
al., 2009; Shukla et al., 2010), and are also summarised in the IPCC Special Report on Carbon 
Dioxide Capture and Storage (Freund et al., 2006). 
A significant body of work has been done on the physical and chemical properties of CO2 and the 
phase variation with different physical, chemical, and thermodynamic regimes (e.g. Bachu, 2000; 
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Freund et al., 2006; Hovorka et al., 2009). In particular, a large amount of work focusses on the 
volumetric storage capacity of a potential CO2 reservoir. Carbon dioxide exists in a supercritical 
state at pressure-temperature (PT) conditions greater than 7.38 MPa and 31.1°C (e.g. van der Meer, 
1992; Bachu, 2000; Cook et al., 2000). 
 
Figure 2.1: Phase behaviour of CO2 with pressure and temperature, with generalised P–T conditions marked 
for the Lower Jurassic Surat Basin, Queensland (modified after Bachu, 2000). 
The P–T conditions for the proposed interval of injection in the Surat Basin are shown in Figure 
2.1. The solubility of CO2 in water is dependent on the pressure–temperature (P–T) conditions and 
ionic strength. Aqueous CO2 solubility generally increases with pressure, and decreases with 
temperature and salinity (Enick and Klara, 1990; Rosenbauer and Koksalan, 2002; Duan and Sun, 
2003). As such, injecting CO2 at high pressure conditions into lower-salinity reservoirs—as 
opposed to brackish or brine reservoirs—will accommodate more CO2 per volume of water through 
dissolution into formation waters. This has the added benefit of reducing buoyancy-driven 
migration of the CO2 plume due to smaller density differences between the plume and formation 
waters, which would lead to longer CO2 residence times, in line with those of the migration of 
formation waters (Bachu, 2000).  
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2.3 Geological requirements of CO2 reservoir systems  
Extensive work has been conducted on the geological requirements for the injection and storage of 
CO2 in a groundwater reservoir, and can be summarised as adequate storage capacity, injectivity 
potential and containment (e.g. Bachu, 2000; Bachu, 2002; Bradshaw et al., 2002; Kaldi and 
Gibson-Poole, 2008; Solomon et al., 2008; Bradshaw et al., 2009; Kaldi et al., 2009, among others).  
2.3.1 Storage Capacity  
The storage capacity of a reservoir relates to the volumetric amount of CO2 storable in a reservoir, 
and on the broadest scale depends on the size and extent of the storage basin, as well as the 
thickness, geometry and structures of the reservoir formation (Gibson-Poole et al., 2005). In 
addition to CO2 density, rate of injection and migration are also significant factors in assessing 
storage capacity. The geological requirements of a reservoir relate to the stratigraphy, lithology and 
mineralogy of a reservoir, as these factors in turn control the porosity (ϕ) and permeability (k) 
distributions within a formation. The amount of CO2 that can be stored is also dependent on the 
interconnectivity of pore space within a flow unit, as this defines the accessibility of the total pore 
volume (Kaldi and Gibson-Poole, 2008).  
The calculation of mass capacity �MCO2� from volumetric CO2 capacity �VCO2� highlights the 
importance of the density of CO2 �ρCO2� at in situ storage conditions: MCO2 = ρCO2 ×  VCO2  (1) 
An estimation of CO2 storage capacity in saline formations, also applicable to low-salinity 
formations, is adapted from (Goodman et al., 2013): GCO2 =  A hg ϕtot ρCO2 E,  (2) 
Where GCO2= CO2 storage resource mass estimate, A = total geographical area of assessment, hg = 
gross thickness of target formation within area A, ϕtot = total porosity in volume of target formation 
over thickness hg, ρCO2 = density of CO2 at in situ P–T conditions, and E = CO2 storage efficiency 
factor, which accounts for pore-volume accessibility by reflecting the fraction of the total pore 
volume that is occupiable by injected CO2. 
2.3.2 Injectivity potential  
Reservoir injectivity is dependent on both fluid viscosity and rock permeability. In general, units 
with permeabilities less than 0.1 mD are considered to be barriers to flow (Bachu et al., 2007), and 
as such could either be sealing or baffling to plume flow, depending on how thick and regionally 
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extensive the low-permeability interval is. Units with permeabilities >100 mD are considered to 
have high permeability, and constitute high-quality reservoirs. Units with permeabilities <50 mD 
are considered to have low permeability, and are generally of poor reservoir quality (Watson and 
Gibson-Poole, 2005).  
The injectivity potential of a reservoir relates not only to reservoir quality characteristics, in terms 
of porosity and permeability, but also to the stratigraphic architecture of the reservoir. In order to 
facilitate injection, a reservoir formation must allow communication between the permeable flow 
units, necessitating an understanding of the geometry and connectivity of individual flow units 
(Gibson-Poole et al., 2005). In addition, the internal heterogeneity within flow units is also 
important when assessing injectivity. The presence of baffles or high-permeability flow conduits 
within the reservoir unit will impact the injection rate, and influence the CO2 plume shape and flow 
behaviour (Bachu, 2000; Gibson-Poole et al., 2005; Kuuskraa et al., 2009) 
The primary and secondary mineralogy is important when assessing CO2 injectivity, as CO2–water–
rock interactions that occur during injection can detrimentally or beneficially impact permeability 
and injectivity. For example, dissolution of carbonate minerals can occur where two solutions of 
differing CO2 pressure mix (e.g. at the CO2-water interface), potentially increasing permeability in 
the near-well environment. Permeability can also be decreased during injection by the mobilisation 
of small particles of host rock, such as clay fines, which could occlude porosity proximal to the 
injection site (Ennis-King and Paterson, 2001), or potentially through precipitation of minerals 
(Civan, 2007). 
2.3.3 Containment  
The requirements of a potential CO2 storage site in terms of containment are analogous to a 
petroleum system, in that geomechanics, hydrodynamics and seal characteristics of reservoirs 
systems are important. Geomechanical considerations include the presence and stability of faults 
and fractures, and maximum sustainable pore fluid pressures (Kaldi and Gibson-Poole, 2008). The 
fluid migration path and hydrodynamic regime also impact containment, as structural features and 
formation water flow velocity will influence migration distance and time, which in turn controls the 
storage capacity efficiency. Seal effectiveness is assessed in terms of thickness, lithology, extent 
and continuity, and will control the containment capacity of the cap rock, measured in terms of a 
CO2 column height (Gibson-Poole et al., 2005; Kaldi and Gibson-Poole, 2008). 
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2.4 Trapping mechanisms  
As in petroleum system analogues, the physical containment of CO2 through trapping by a low-
permeability seal is the predominant storage mechanism initially acting in a geosequestration 
system. This is analogous to petroleum systems, and results from a change in lithofacies, an 
unconformity or from permeability reduction due to secondary alteration (Biddle and Wielchowsky, 
1994; Benson and Cook, 2006). During geosequestration in sedimentary basins, both physical and 
chemical trapping mechanisms occur over a range of timeframes (Bachu, 2008). The nomenclature 
of these trapping mechanisms is varied within the literature, and includes conventional, 
hydrodynamic, residual, solubility, mineral, and adsorption trapping (Bachu et al., 2007; Bradshaw 
et al., 2009). 
 
Figure 2.2: Illustration of potential trapping mechanisms employed during CO2 sequestration in geological 
media. 
2.4.1 Stratigraphic and structural trapping  
When in a supercritical state, CO2 acts as a separate or free phase, displacing formation water and 
rising due its lower density. Physical conventional trapping mechanisms of CO2 storage occur 
where immiscible or free-phase CO2 is collected in structural or stratigraphic traps created due to 
the geometry of the reservoir (Figure 2.2). Stratigraphic and structural trapping is discussed initially 
by Biddle and Wielchowsky (1994) in the context of hydrocarbon accumulation, and in the context 
of CO2 geosequestration in detail by various authors (e.g. Benson and Cook, 2006; Bachu et al., 
2007; Solomon et al., 2008; Bradshaw et al., 2009; Holloway, 2009, among others), and describes 
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the physical confinement of the CO2 plume beneath a low-permeability rock interval, for example a 
shale. Structural trapping employs the natural shape of the reservoir, with CO2 limited by faulting or 
folding through the formation of a vertical and lateral barrier to flow, whilst stratigraphic trapping 
involves vertical confinement by changes in facies, etc. (Lemieux, 2011). 
2.4.2 Residual trapping  
Residual gas saturation or saturation trapping occurs when a proportion of CO2 replaces in situ 
fluids in the tail of the plume, and remains trapped in pore spaces, or in localised structural or 
stratigraphic traps caused by heterogeneities within the porous rock matrix (Solomon et al., 2008; 
Bradshaw et al., 2009; Holloway, 2009). Also known as free-phase trapping in the literature, this 
occurs when migratory CO2 reaches a saturation level where it ceases to flow, no longer forming a 
continuous phase. The CO2 then becomes trapped by capillary forces, before eventually being 
dissolved in formation waters (Ennis-King and Paterson, 2001; Lemieux, 2011). When the plume 
migrates through the reservoir at a very slow rate over a long distance, it then effectively becomes 
contained through hydrodynamic trapping (Bachu et al., 1994; Bachu, 2000; Benson and Cook, 
2006). 
2.4.3 Hydrodynamic trapping  
When in the presence of a regional seal, and where hydraulic gradients are extremely low, the 
supercritical CO2 plume is transported over very large distances at extremely low velocities, 
comparable with the flow-rate of hydrocarbon migration (Figure 2.2). This very low migration rate 
effectively contains injected CO2 in in situ formation fluid for thousands to millions of years, 
satisfying the long-term storage times required for geosequestration (Bachu et al., 1994). Unlike 
conventional CO2 storage, this negates the need for the closed or dome-shaped stratigraphic and 
structural traps relied on in petroleum systems analogues (White et al., 2005). This physical 
trapping mechanism was recently termed Migration Assisted Storage (MAS) by Bradshaw et al. 
(2009) but is also known as hydrodynamic trapping throughout the literature (e.g. Bachu, 2000; 
Bradshaw et al., 2004; Solomon et al., 2008). Hydraulic trapping can also be assisted by aquifer 
counter-flow, which can retard migration rates and control flow direction (Bradshaw et al., 2009).  
A number of processes are associated with hydrodynamic trapping, and the contribution of each 
trapping mechanism changes with time ± distance from injection (Lemieux, 2011). Residual 
trapping of most of the CO2 occurs in the trail of the migration plume, largely after injection ceases. 
Dissolution of CO2 uses solubility, ionic or solution trapping, and over time effectively eliminates 
the buoyancy of the CO2 plume (Bachu et al., 2007; Bradshaw et al., 2009). Solubility trapping 
occurs where the previously immiscible supercritical CO2 plume is dissolved into in situ formation 
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fluids over time, becoming miscible in water and migrating through diffusion, dispersion and 
convection with the aquifer’s regional hydrodynamic regime (Koide et al., 1992; Bachu et al., 1994; 
Benson and Cook, 2006; Bachu et al., 2007; Assayag et al., 2009). Solubility trapping increases 
with time, and increases the density of the water with CO2 saturation (Bachu et al., 1994; Ennis-
King and Paterson, 2001). This also obviates the need for the traditional anticlinal structures 
predominantly featured in previous investigations into geosequestration, and thus makes ‘open-
system’ aquifers with regionally extensive seals potentially viable storage sites with the very large 
volumetric capacities required for storage (Bachu et al., 1994; Bachu et al., 2007).  
The initial dissolution of CO2 into in situ formation fluids through solubility trapping can be 
represented by the following simplified equilibria (1), outlined by Ross et al. (1982) and modified 
from Kirste et al. (2004): 
CO2 + H2O ↔ H2CO3
carbonic acid
↔ H+ + HCO3-
bicarbonate ion
↔ 2H+ + CO32-
carbonate ion
(1) 
When CO2 dissolves into formation water, weakly acidic carbonic acid forms and dissociates, 
forming aqueous carbonate or bicarbonate species (e.g. Kirste et al., 2004; Knauss et al., 2005; 
Benson and Cook, 2006; Gaus et al., 2008). In a chemically-unbuffered system, this leads to a 
decrease in pH, promoting host-rock mineral dissolution and/or desorption of ions from clay or 
other mineral surfaces (Wang and Jaffe, 2004).  
Dissolution of chemically-reactive minerals, for example carbonates, can buffer pH, and lead to an 
increase in alkalinity (2): 
CaCO3
calcite
 + H+ ↔ Ca
2+ + HCO3−
bicarbonate
(2) 
This increase in alkalinity may induce complexation between bicarbonate ions and dissolved 
divalent cations, leading to ionic trapping and the precipitation of carbonates (2), particularly 
calcian, magnesian and ferroan carbonates (Gunter et al., 1993; Gunter et al., 1997; Xu et al., 2001). 
2.4.4 Mineral trapping 
Divalent cations that become available during mineral dissolution of Ca,Mg,Fe,Mn-bearing 
minerals may lead to mineral trapping of CO2 through precipitation of carbonates locally or further 
afield. With the precipitation of secondary minerals, CO2 is chemically immobilised through 
mineral trapping over extended time scales. As summarised by Kaldi and Gibson-Poole (2008), the 
P–T conditions, aquifer water composition, fluid flow rate, contact interface and mineralogy of the 
20 
20
host rock are all important considerations when discussing mineral trapping. Dissolution of silicates 
is thought to be the rate-limiting step in carbonate formation, with Ca-, Mg- and Fe-rich siliclastic 
reservoirs shown to have the highest sequestration potential for mineral trapping (Gunter et al., 
1993; Bachu et al., 1994; Gunter et al., 1997; Rosenbauer et al., 2005). Dawsonite is also commonly 
referred to as a potential CO2 trapping mineral in Na- and Al-rich siliclastic reservoirs (e.g. 
Czernichowski-Lauriol et al., 2006; Worden, 2006). However, it has also been posited that potential 
dawsonite growth is constrained to a medium-temperature-dependent window and restricted 
thermodynamically by competing minerals (Hellevang et al., 2011), and that with CO2 dispersion 
and decreasing CO2 pressure, precipitated dawsonite may subsequently re-dissolve into formation 
waters (Hellevang et al., 2005). 
The following examples of silicate reactions are adapted from Gunter et al. (1997), Rochelle et al. 
(2004), Watson (2006) and Gaus (2010), and represent the dissolution of albite during CO2 injection 
(Eqs. 3,4), K-feldspar (Eqs. 5,6), kaolinite (Eqs. 5–7) and Fe-rich chlorite (Eqs. 6,7): 
NaAlSi3O8
albite
 + CO 2(aq) + H2O ↔  NaAlCO3(OH)2 
dawsonite
+ 3SiO2
silica     (3)  
7NaAlSi3O8
albite
 + 6CO2(aq) + 6H2O ↔ 6HCO3−
bicarbonate
+ 6Na++ Na-smectite + 10SiO2
silica   (4) 
2KAlSi3O8
K-feldspar
 + 2H+ + 9H2O ↔ Al2Si2O5(OH)4
kaolinite
+ 2K++ 4H4SiO2
silicic acid
   (5) 
KAlSi3O8
K-feldspar
+ 2.5Fe5Al2Si3O10(OH)8
Fe-chlorite
 + 12.5CO2(aq)  ↔ 
KAl3Si3O10(OH)2
muscovite
+ 1.5Al2Si2O5(OH)4
kaolinite
+ 12.5FeCO3
siderite
+  4.5SiO2
silica
+ 6H2O  (6) 
Fe4Mg0.5Mn0.5Al2Si3O10
Fe-chlorite
(OH)8 + 5CaCO3 + 5CO2(aq) ↔
calcite
   
5Ca(Fe0.8Mg0.1Mn0.1)(CO3)2 +
ankerite
 Al2Si2O5(OH)4
kaolinite
 + SiO2 
silica
+ H2O   (7) 
The chemical reactions that may occur in reservoirs during CO2 injection have important 
implications on both the reservoir and seal units in a storage system. Gaus (2010) recently discussed 
the current state of knowledge with respect to CO2-rock interactions, and identified several areas 
where further research is required, including long-term host- and seal-rock reaction paths, and 
associated changes in porosity and permeability due to long-term precipitation in both the seal and 
reservoir rocks. Whilst the extensive work conducted on saline aquifer conditions (e.g. Gunter et al., 
1993; Bachu et al., 1994; Gunter et al., 1997; Kirste et al., 2004; Xu et al., 2004; Kaszuba et al., 
2005; Bachu and Bennion, 2008; Gaus et al., 2008; Birkholzer et al., 2009, among many others) is 
useful in providing a knowledge basis and analytical techniques for assessment of the impact of 
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CO2 injection in lower salinity (i.e. fresh or fresh-brackish) formation fluids, the lack of published 
work on CO2 storage in low-salinity aquifers necessitates further investigation. 
2.5 Implications of CO2 injection on reservoir quality  
It is well documented that mineralogy and lithology of the seal and reservoir systems, controlled by 
sedimentary depositional environment and diagenesis, can considerably impact the chemical and 
physical interactions between reservoir, seal rocks and the injected CO2 (e.g. Bachu et al., 1994; 
Bachu, 2000; Bradshaw and Dance, 2005; Gibson-Poole et al., 2005, amongst many others). The 
CO2–water–rock interactions that occur within a low-salinity reservoir system can substantially 
affect injectivity, volumetric storage capacity, seal efficacy and the long-term CO2 storage potential 
through processes such as the alteration of cements, dissolution of reactive mineral phases, and the 
(re)precipitation of minerals (Figure 2.3). These reactions can have considerable implications in 
both the near- and far- bore well environment, in terms of porosity and permeability changes that 
may result from mineral mobilisation, dissolution and (re)precipitation. The implications of CO2–
water–rock interactions with seal and reservoir rocks are predominantly discussed in the context of 
saline aquifers, but are also largely applicable to reservoirs of low salinity. 
Porosity and permeability can be substantially impacted by the mobilisation of non-reactive 
minerals during injection (Figure 2.3). These processes can potentially hinder injectivity, with 
infilling of pores and the occlusion of pore throats reducing accessible porosity (Gibson-Poole et al., 
2005; Kaldi and Gibson-Poole, 2008). In particular, clays have been identified as being potentially 
damaging to formations through mobilisation during injection, discussed in terms of petroleum 
systems (Civan, 2007). Detailed characterisation of both detrital and diagenetic clay mineral 
components is vital when considering the risk of mobilisation and occlusion, as these processes may 
limit the injection flow rate and lead to a greater gradient in pressure in the near-well region 
(Ambrose et al., 2008). 
Whilst clay content in itself is not necessarily directly relatable to permeability, the morphology of 
clay content (i.e. discrete particles, pore-lining and pore-bridging) has been shown to have a large 
impact on injectivity (Wu and Berg, 2003). Kaolinite is susceptible to breaking apart, migrating and 
concentrating at pore throats, leading to pore-throat plugging and loss of injectivity (Civan, 2007) 
by reducing pore-throat diameter (Wu and Berg, 2003). Illite is prone to fines migration, and can 
plug pore throats. Smectite and mixed-layer clays are water-sensitive and expandable, leading to 
losses in microporosity and permeability. Similar to illite, smectite can break into clumps and 
bridge pores and pore-throats, effectively reducing permeability. Chlorite, which is sensitive to 
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acidic and oxygenated formation fluids, can precipitate gelatinous FeOH3, which plugs pore throats 
(Civan, 2007). In contrast, when precipitated as a grain-coating authigenic phase (Figure 2.3), 
chlorite can preserve primary porosity by inhibiting growth of authigenic overgrowths on quartz 
grains and retarding pressure solution between grains (Spötl et al., 2009). 
During CO2 injection, mobilisation and occlusion could feasibly be either beneficial or deleterious 
to a reservoir system, depending on the location. Although a reduction in permeability due to fines 
migration or swelling-clay expansion in the reservoir close to the wellbore would be unwanted as it 
may restrict CO2 flow rate, a reduction in permeability in sealing intervals, due to pore-bridging or 
the precipitation of a gelatinous product of chlorite, could potentially result in a self-sealing 
mechanism in caprocks. 
Ross et al. (1982) identified that mixed-fluid interactions between CO2 and water would lead to 
reactions with carbonate minerals in the host rock. Dissolution of carbonates or other minerals may 
substantially impact reservoir quality, in terms of reservoir porosity and permeability, in addition to 
potentially impacting water chemistry, thereby changing the chemical state of the system and 
affecting further interactions and reaction kinetics due to pH buffering. 
Figure 2.3: Schematic diagram of example mineral and reservoir components that may impact CO2–water–
rock interactions. 
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2.6 Field demonstrations of CO2 injection 
Carbon dioxide subsurface injection is a mature technology that has been demonstrated globally. 
Current and past field studies on CO2-brine-rock interactions include commercial and research 
projects involving CO2 storage in saline aquifers, and CO2 injection for enhanced oil recovery 
(CO2-EOR) or increased methane production. Previous and ongoing CO2 saline aquifer injection 
demonstration projects include commercial, demonstration and pilot operations hosted in the USA, 
Japan, Canada, Norway and Algeria (Michael et al., 2010). In addition to these countries, EOR 
projects utilising CO2 injection to enhance production have also been hosted in Turkey (Sahin et al., 
2008), Brazil (Pizarro and Branco, 2012), Trinidad and Hungary (Shaw and Bachu, 2002).  
Existing commercial CO2 injection operations are limited to saline sandstone reservoirs, with 
reviews on reservoir characteristics and operations provided by Michael et al. (2010) and Eiken et 
al. (2011). Operations utilising CO2 injection into geological media commenced in 1972 in the 
SACROC Unit in Texas, with the use of CO2 as a tertiary oil recovery mechanism, following 
primary (solution gas drive) and secondary (water-flooding) recovery operations (Han et al., 2010). 
Commercial CO2 storage operations commenced with the offshore Norwegian Sleipner Project in 
the North Sea in 1996, with removal of CO2 from the produced gas and reinjection into the 
overlying saline Utsira Formation (Baklid et al., 1996; Torp and Gale, 2004). Further commercial 
CO2 injection and storage operations include In Salah in Algeria, with injection commencing in 
2004, and the the Snøhvit liquefied natural gas (LNG) project in offshore Norway, commencing in 
2008 (Maldal and Tappel, 2004; Michael et al., 2010; Rutqvist et al., 2010). 
A multitude of non-commercial pilot and demonstration studies of CO2 injection into saline aquifers 
(excluding projects limited to EOR) have also been conducted in several participating countries, as 
summarised in the CCS Project Database maintained by MIT (2014). As of July 2014, these 
countries include Japan (Nagaoka, CO2 injection from 2003–2005), USA (Frio, 2004; AEP 
Mountaineer, 2009–2011; Citronelle 2011-; Decatur 2011–; Plant Barry 2012–; Northern Reef 
Trend 2013–; Polk 2014–), Germany (Ketzin, 2008–2009), Spain (Compostilla, 2009–2012), China 
(Ordos, 2010–) and Norway (Mongstad, 2012–), with more projects in the pipeline, including 
planned operations in France, Canada and Korea (MIT, 2014). 
In Australia, as of February 2014, the CO2CRC Otway Project in Victoria is the only CO2 storage 
demonstration project that is currently operational. However, several other storage projects in 
Australia are in the pipeline, including the Gorgon Project in WA, which is under construction, and 
the CCS Flagship projects CarbonNet (VIC) and South West Hub (WA), which are currently in 
feasibility stages (CO2CRC, 2014). The Surat Basin CCS Project (QLD) is currently under 
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consideration for Australian Government and Australian Coal Association Low Emissions 
Technology Ltd (ACALET) funding. 
2.7 Experimental and modelling studies  
In the first instant, previous work on CO2 geosequestration can be discussed in terms of their 
research approach, i.e.: using experimental work, field demonstration, modelling, and natural 
systems analogues, as summarised by Gaus (2010). The vast majority of research has focussed on 
saline aquifer disposal of CO2. 
Numerical modelling has been widely used for CO2 storage purposes, and can be applied to the 
prediction of hydrodynamic or trapping mechanism processes, batch geochemical reactions in a 
closed system, or reactive transport modelling (a combination of both), as reviewed in detail by 
Gaus et al. (2008), and references therein. The reviewed authors discuss the use of modelling in the 
assessment of containment, injectivity and well integrity, and also address the integration of 
modelling with small-scale field experiments and laboratory experiments, and highlight the data 
requirements for geochemical and solute transport modelling. 
2.7.1 Saline reservoir studies  
Innovative modelling and experimental research on CO2–water–rock reactions in brackish to brine 
conditions by Gunter and co-workers (1993; 1997) predicted the dissolution of carbonate and 
silicate minerals, and mineral trapping after hundreds of years. These studies were conducted under 
P-T conditions of 25 °C and up to a maxima of 15 MPa for the modelling study in 1993, and 105 °C 
and 9 MPa for the experimental study in 1997. Although the modelling study (Gunter et al., 1993) 
identified dissolution of both silicate and carbonate minerals, and precipitation of carbonate 
minerals, the month-long experimental study (Gunter et al., 1997) observed "very little reaction", 
with no precipitation and only minor dissolution of fast-reacting carbonate minerals noted. Novel 
longer-term, higher-temperature experiments were conducted by Kaszuba and co-authors, with one 
experiment exposing shale fragments to supercritical CO2 for 80 days and a second for 45 days, 
both conducted at 200 °C and 20 MPa using a 5.5 molal brine, with the latter also being compared 
to a non-CO2 control (Kaszuba et al., 2003; Kaszuba et al., 2005). These studies observed the 
precipitation of secondary silicate and carbonate minerals and the desiccation of in situ formation 
water on a measureable time scale, and discussed the implications on changes in permeability 
distribution within an aquifer, with the authors identifying potential pathways for both poro-
permeability reduction and increase. Rosenbauer et al. (2005) also conducted experimental work 
reacting supercritical CO2 with different brine compositions and both carbonate and siliclastic host 
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rocks; the authors simulated near-well conditions with CO2-saturated aquifer fluid, and distal 
conditions with CO2-undersaturated fluid. They also observed changes in composition, mineralogy 
and porosity, which were dependent on the host rock and formation fluid compositions, with a focus 
on reservoir quality impact.  
Additional studies of CO2 injection into saline aquifers have highlighted the potential for salt scale 
formation, which could decrease injectivity. Saline core-flooding experiments conducted by Muller 
et al. (2009) and Bacci et al. (2011) with sandstone core noted scaling from halite precipitation 
resulting in permeability impairment, with the former recording a reduction in porosity of ~60% 
and the latter recording porosity reductions of 4–29% and permeability impairments of 30–86%. 
Additional core-flooding experiments by Peysson et al. (2014) also note dehydration and salt 
precipitation. To combat salt precipitation, Bacci et al. (2011) propose an initial flushing period 
with fresh water prior to CO2 injection. Pruess and Müller (2009) conducted numerical simulations 
at 50 °C, 120 bar and with a salinity of 250 000 ppm NaCl brine, and found that for highly saline 
aquifers, salt precipitation during CO2 injection in the near-wellbore environment may lead to a 
reduction in porosity, permeability and injectivity. Similar results were noted by Kim et al. (2012), 
who also found localised salt precipitation at the injection site could lead to a loss of poro-
permeability and a build-up of pressure.  
2.7.2 Freshwater body studies  
To date, studies of CO2–water–rock interactions in freshwater formations during CO2 injection have 
been somewhat limited. Previous work predominantly focusses on the potential risk of CO2 leakage 
into freshwater bodies following CO2 injection into underlying targeted saline formations (e.g. 
Nicot, 2008; Birkholzer et al., 2009; Smyth et al., 2009; Little and Jackson, 2010; Humez et al., 
2013), rather than considering low-salinity formations as storage reservoirs in their own right. 
Lemieux (2011) conducted a thorough literature review summarising the state of knowledge with 
respect to the impact of CO2 leakage on shallow aquifers, whilst a recent review by Harvey et al. 
(2012) addresses some of the issues surrounding CO2–water–rock interactions in low-salinity 
conditions, but only considers low-pressure, near-surface environments. 
A field study of direct injection of CO2 into low-salinity aquifers has been reported on by Kharaka 
et al. (2010), Apps et al. (2011) and Zheng et al. (2012) and provides insight into interactions, 
including changes in pH, alkalinity and conductivity. However, this study was limited to near-
surface injection of CO2 (1.5 m and 3.0 m depths), and as such was not representative of in situ 
reservoir conditions, making the findings less applicable to CO2 storage in deep, low-salinity 
formations. A large-scale field study of CO2 injection in saline reservoir in the form of EOR 
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operations was reported by Smyth et al. (2009) and included a freshwater groundwater monitoring 
study. In this study, no significant changes to groundwater chemistry were observed to indicate 
mixing of CO2 with overlying aquifer groundwater (in terms of changes to pH and cation 
concentrations), making it difficult to assess ongoing geochemical interactions. A laboratory 
experiment using low-salinity water also included in the study, using disaggregated and unwashed 
material, and identified changes to cation concentrations that were attributed to the dissolution of 
dolomite ± K-feldspar. Smyth et al. (2009) also note potential contamination from core and sample 
handling, and raise the issue of increased surface areas due to disaggregation.  
Additional recent small-scale push-pull field studies of CO2 injection into low-salinity aquifers have 
also been at near-surface conditions, including those by Cahill and Jakobsen (2013), with a CO2 
injection depth of 10 m, Dafflon et al. (2013) and Trautz et al. (2013) (injection depth of ~50 m), 
Mickler et al. (2013) (injection at 3 m), and Yang et al. (2013) (injection ~73 m). 
Experimental laboratory studies in low-salinity conditions include those by Little and Jackson 
(2010), Lu et al. (2010), Wei et al. (2011), Humez et al. (2013) and Montes-Hernandez et al. (2013). 
The study by Little and Jackson (2010), aiming to identify potential geochemical tracers of CO2 
leaks into shallow freshwater aquifers, was conducted at low P-T conditions (20 °C, at atmospheric 
pressure) and used unconsolidated sediment samples. A reply by Gilfillan and Haszeldine (2011) 
identified several potential shortcomings to the experiments, including the use of a very high CO2 
flow-rate compared to sample size (525 times more CO2 than sediment, by mass), and the fact that 
the experiments were conducted in an oxidising environment, which does not reflect the 
predominantly reducing environment found in in situ storage formations. In their reply to the 
comment, Little and Jackson (2011), point out that the system was open to CO2 and allowed free 
escape of excess CO2, and that mixed oxic–anoxic conditions can be found in subsurface reservoir 
as redox conditions are controlled by several factors, including microbial processes and organic 
matter (see also McMahon and Chapelle (2008) and Kotelnikova (2002) for discussions on mixed 
aerobic and anaerobic processes in groundwater aquifers). 
Wei and co-authors (2011) conducted laboratory experiments to elucidate on the risk of pipeline 
failure or CO2 leakage on soil chemistry by exposing dry or damp topsoil to dry CO2 at 25 °C and 
25 bars for 3 days. In the study by Lu et al. (2010), disaggregated and unwashed rock samples were 
equilibrated with pure water at atmospheric pressure for two weeks, then exposed to a CO2 flush for 
a further two weeks, with the samples being agitated throughout the duration of the experiment.  
The batch experiment study recently conducted by Humez et al. (2013) provided a comprehensive 
study of near-surface reactions using carefully-collected in situ groundwater samples that were 
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representative of the regional hydrochemistry. In this study, isotopic and chemical (major and trace 
element) data were collected over the month-long of exposure to CO2 to observe groundwater 
chemistry evolution and assess a potential isotopic tool as a tracer for CO2 occurrence in 
groundwaters. However, the application of this study in understanding CO2 storage in low-salinity 
reservoirs is somewhat limited by the use of unconsolidated sand and the low P–T conditions (20 
bar, 20 ± 1 °C). Similarly, the use of a specific mineralogy from the area (unconsolidated 
glauconitic sands with trace amounts of microcline, apatite and Ti-Fe oxides, ± carbonates) may 
limit the applicability of this study to aquifers with different mineralogies.  
Montes-Hernandez et al. (2013) investigate the dissolution and adsorption of synthesised calcite, 
goethite, and a goethite-calcite composite, and selected ions (Ca, Fe, Na, As, Se, Cd, and Cu) using 
short-term (24-hour) CO2 exposure at 20 °C and 8 bar. The authors emphasise the importance of 
primary mineralogy on adsorption/desorption processes, with calcite and goethite shown to prevent 
the remobilisation into aquifer waters of selected adsorbed potentially hazardous heavy metals 
and/or metalloids. 
Recently, Horner et al. (2014) conducted low-pressure batch experiments (at 1 bar, 3 bar, 8 bar, and 
38 bar) with synthetic low-salinity formation water and powdered sandstone samples. The authors 
observe that low salinity waters allow for a high CO2 solubility trapping capacity (up to 1.18 mol/L 
at 45 °C and 100 bar), reiterating the findings of Enick and Klara (1990) that solubility decreases 
with increasing dissolved solids. The authors also reemphasise that the use of powdered material 
significantly artificially increased reaction rates compared to in situ conditions relevant to CO2 
storage. By coupling their reactions with strontium isotope measurements and trace elements, 
Horner et al. (2014) were able to show changes in pH, Sr isotopes, and trace elements such as Co2+ 
and Zn2+ may be suitable for tracing plume movement. 
Several numerical modelling studies investigating the impact of CO2 leakage into low-salinity 
reservoirs have been conducted, including those by Jaffe and Wang (2003), Wang and Jaffe (2004), 
Nicot (2008), Apps et al. (2009), Birkholzer and Zhou (2009), Birkholzer et al. (2009), Zheng et al. 
(2009), Vong et al. (2011),  Humez et al. (2011), amongst many others. These studies provide 
insight into chemical reactions that occur during CO2 injection into low-salinity geological media, 
including predicting pH and solute concentration evolution and identifying dissolution, sorption and 
precipitation processes (Lemieux, 2011). However, considerable ground-truthing by experimental 
and field studies is needed to populate and validate model-only studies, and combined experimental 
and modelling studies to validate model predictions are lacking. 
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2.7.3 Constraints of experimental and modelling studies to date  
Previous experimental investigations have focussed extensively on the interaction between CO2, 
water and rock in formation water with a saline composition (e.g. Rosenbauer et al., 2005; Bertier et 
al., 2006; Wigand et al., 2008; Ketzer et al., 2009; Luquot et al., 2012; Wilke et al., 2012; Yu et al., 
2012). By contrast, aquifer reservoir systems that have the necessary potential storage capacity and 
that are geographically desirable for CO2 storage in Queensland, Australia, generally range in 
salinity from fresh to brackish; this necessitates further investigation of CO2–water–rock 
interactions in low-salinity formation conditions at reservoir conditions (Bradshaw et al., 2009; 
Hodgkinson and Grigorescu, 2012; Farquhar et al., 2013). 
Previous experimental work in fresh water compositions has been primarily conducted with 
disaggregated material (Little and Jackson, 2010; Lu et al., 2010; Wei et al., 2011; Humez et al., 
2013; Horner et al., 2014) or with single or pure mineral samples (Wilke et al., 2012; Montes-
Hernandez et al., 2013). Artificial agitation was also applied in some cases (e.g. Little and Jackson, 
2010; Lu et al., 2010; Humez et al., 2013), to maximise water-CO2 exposure to sample material. 
Experiments using disaggregated material risk artificially catalysing natural reactions due to 
exaggerated surface areas, and experiments using solid core or whole-rock sections are lacking to 
date. Disaggregated and/or agitated material may also expose part of the matrix or pore fluids that 
would otherwise be isolated from reactions, thereby reacting more of the rock than would otherwise 
occur. Although highly valuable for providing chemical and rate data for understanding reactions 
and in predictive numerical modelling, single-mineral studies are incapable of addressing the 
complexities and complications that arise from using naturally variable whole-rock samples, 
making complementary whole-rock studies equally valuable. 
Freshwater studies in particular frequently use low-pressure conditions that are unrealistic for 
potential CO2 storage conditions, with previous experimental and field studies generally using 
pressure conditions up to only 25 bar, and temperatures often around room temperature (e.g. Little 
and Jackson, 2010; Wei et al., 2011; Humez et al., 2013; Horner et al., 2014). Finally, many 
experimental and modelling studies apply elevated temperature and/or pressure conditions to 
accelerate reactions, with a view to predicting long-term CO2–water–rock interactions during 
injection, (Gunter et al., 1997; Kaszuba et al., 2003; Ketzer et al., 2009), or to accommodate 
localities with naturally-high geothermal gradients (Kaszuba et al., 2005). The elevated P-T 
conditions used in these studies may instead lead to thermodynamically inaccessible reactions 
occurring, and may not be translatable to or representative of the CO2–water–rock interactions that 
occur at in situ conditions. In addition, reaction timespans for mineral dissolution and precipitation 
derived from experiments are significantly accelerated in comparison to natural systems 
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(Haszeldine et al., 2005; Gaus et al., 2008). The study of natural CO2 accumulation systems can be 
used to provide information on CO2 behaviour and CO2-rock-water interactions on geological 
timescales of thousands to millions of years, and to provide reaction rate and mineral assemblage 
constraints on predictive geochemical models (Haszeldine et al., 2005). 
2.8 Natural CO2 system analogues  
Studies of natural CO2-rich systems have previously been applied as geosequestration analogues to 
identify mixed-fluid interactions with rocks and demonstrate changes in mineralogy due to 
geochemical reactions (e.g. Pearce et al., 1996; Stevens et al., 2001; Moore et al., 2003; Haszeldine 
et al., 2005, and references therein). Natural CO2 accumulations are found globally, with 
coordinated efforts in North America, Europe and Australia to use these natural laboratories in part 
to answer questions relating to the long-term effects of CO2 storage and mechanisms for trapping 
CO2 (Stevens et al., 2001). Stevens et al. (2001) summarise some of the major research programs 
that relate to natural CO2 accumulations, which encompass numerous operations in the United 
States, France, Germany, Greece, Hungary, Italy, and Australia.  
Recently, detailed investigations by Higgs et al. (2013) on the Kapuni Field in New Zealand reveal 
that CO2-induced reactions are dependent on lithological controls, including grain size, mineralogy 
and reservoir heterogeneity. Natural examples of CO2 accumulations in Australian sedimentary 
basins provide an exemplary opportunity to investigate these processes in geological time scales 
and gain insight into the long-term reactions and trapping mechanisms involved in CO2 storage,  as 
discussed by Wycherley et al. (1999) for the Cooper-Eromanga Basin, Uysal et al. (2011) and 
Golding et al. (2013) for the Bowen Basin, and by Baker et al. (1995) and Higgs et al. (2014) for the 
Otway Basin, among others.  
These studies provide insight into potential CO2 storage capacities and mechanisms, storage time-
scales, reservoir site selection methods, and CO2–water–rock interactions. However, they also 
exhibit considerable differences; for example, whilst CO2 trapping by dawsonite is noted in some 
CO2 accumulations (e.g. Otway and Bowen basins in Australia), this mineral is conspicuously 
absent from many other deposits where it might otherwise be expected (Stevens et al., 2001; Moore 
et al., 2003). A recent review by Hellevang et al. (2014) explored the uncertainty of dawsonite 
formation during CO2 storage and found that the conditions of dawsonite formation remain largely 
unknown, with uncertainty surrounding several parameters, including CO2 pressure, temperature, 
ionic strength and alkalinity. The authors point out that although reservoirs may be supersaturated 
with respect to dawsonite, the rate of nucleation and growth rates remain uncertain, and may be 
substantially lower than those currently applied in numerical modelling simulations where 
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dawsonite precipitation is predicted. This example of uncertainty in mineral formation during CO2 
exposure highlights the need for further studies of a range of styles of natural CO2 accumulations to 
better understand CO2–water–rock interactions and allow more accurate predictions of reaction 
products. 
2.9 Geological setting and sample selection 
Since the initial discovery of gas flowing from the Precipice Sandstone via a deeply-drilled water 
bore in 1900, which prompted hydrocarbon exploration in both the Surat and Bowen basins, the 
Jurassic Surat Basin strata located in Queensland, Australia (Figure 2.4), have been a target of 
interest (Cadman and Pain, 1998). The extensive hydrocarbon and coal resources identified in the 
Surat Basin and the underlying Bowen Basin have resulted in Queensland hosting a number of CO2 
source nodes, including 38 operating fossil-fuel power stations  and 69 operating mines, which 
includes 40 black coal mines (DEWHA, 2012; Geoscience Australia, 2012).  The Carbon Capture 
and Storage (CCS) Flagships Program, established to support large-scale integrated CCS projects in 
Australia as part of the Australian Government’s Clean Energy Initiative (CEI), shortlisted the 
Wandoan Project in December 2009, with funding provided on a competitive basis following 
consultation with state governments and industry bodies. The Wandoan CCS Project, a partnership 
between Wandoan Power and an Xstrata Coal subsidiary, Carbon Transport and Storage 
Corporation Pty Ltd (CTSCo), proposed an Integrated Gasification Combined Cycle (IGCC) coal-
fired power station project in south-eastern Queensland. As part of this proposal, an investigation 
into prospective CO2 storage sites identified the Jurassic-aged Surat Basin strata as a potential 
target. 
The Surat Basin is located in southern Queensland and extends into northern New South Wales 
(Figure 2.5). It comprises a relatively thin package of terrigenous to coastal marine sediments 
averaging 2 km thickness, and was deposited over ~100 Ma (Korsch and Totterdell, 2009). The 
early Jurassic to Cretaceous-aged Surat Basin forms part of the Great Artesian Basin, and has been 
extensively discussed by Green et al. (1997), who provided a detailed bibliography of existing work 
and used selected well data to reinterpret the lithostratigraphy of the Surat Basin (Hodginkson et al., 
2009). A more recent re-evaluation by Ziolkowski et al. (2014) re-evaluates the sequence 
stratigraphy of the Lower Jurassic sequence of the Surat Basin. 
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 Figure 2.4: Generalised stratigraphic column for the Surat Basin. Modified from Cadman and Pain 
(1998); Hoffmann et al. (2009); Korsch and Totterdell (2009). Oil = closed circle, gas = open sun, 
oil and gas = closed sun. 
Together, the Precipice Sandstone and Evergreen Formation form a basal low-stand systems tract 
overlain by a transgressive fining-upwards sequence. In the study area, the base of the Precipice 
Sandstone comprises a regionally-extensive unconformity, with commonly conglomeritic pebble 
lags commencing sedimentation of braided channel deposits, characterised by low-angle trough 
cross bedding with graded forsets and poorly-sorted pebble- to fine-sand grainsizes. Above this, 
grainsize decreases to give way to interbedded silt- to fine-grained sandstone and medium- to fine-
grained sandstone, representing offshore to shoreface lacustrine environments. and meandering 
channel and overbank deposits towards the top of the section.  
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Figure 2.5: Location map of the Jurassic- to Cretaceous-aged Surat Basin in Australia, with wellbores and 
major structural features relevant to the study.  
2.9.1 Precipice Sandstone  
The Precipice Sandstone and the Evergreen Formation form the first of the major supersequences 
within the Surat Basin, with a basal low-stand systems tract overlain by a transgressive fining-up 
sequence (Hoffmann et al., 2009). Deposition initiated with the Precipice Sandstone, a laterally 
extensive predominantly quartzose, fine- to very coarse-grained sandstone with pebbly horizons and 
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minor siltstone (e.g. Martin, 1977; Green et al., 1997; Hoffmann et al., 2009, and references 
therein).  The Precipice Sandstone is characterised in wireline logs by Green et al. (1997) as having 
a low gamma-ray log baseline, high resistivity and fast sonic velocities. The subdivision of the 
Precipice Sandstone into upper and lower subunits is commonly discussed (e.g. Green et al., 1997; 
Mikes et al., 2006); however, this is not universally adopted as there is concern that the apparent 
lithological and petrophysical differences may not be regionally correlatable (Martin, 1977). 
Hoffman and co-workers (2009) identify the formation as being on average 60 to 80 m thick, with a 
maximum thickness of 150 m, and is seismically characterised by weak parallel, horizontal 
reflections. The depocentre of the maximum thickness is located in the axis of the Mimosa Syncline 
(Green et al., 1997). The relative compositional homogeneity and the laterally continuous sheet-like 
nature of the formation indicates a potentially continuous, permeable, geochemically unreactive 
host rock reservoir. 
2.9.2 Evergreen Formation  
The Precipice Sandstone is conformably overlain by the Evergreen Formation, which is a 
dominantly very-fine to medium-grained sandstone with carbonaceous silt- and mudstone, shale, 
oolitic ironstone, and minor coal. The labile to sublabile Evergreen Formation also contains the 
Boxvale Sandstone Member, which is a quartzose fine- to coarse-grained sandstone, and not found 
in the southeastern region of the basin (Green et al., 1997; Sliwa and Esterle, 2008; Hoffmann et al., 
2009). The wireline log of the Evergreen Formation is characterised by Green et al. (1997) as 
having a high gamma-ray log baseline response, low average resistivity and moderate sonic 
velocities. This is in contrast with the sandier basal interval and the Boxvale Sandstone Member, 
which are represented by higher resistivities for both; a high gamma-ray response for the former, 
and a low gamma-ray baseline for the latter. The Evergreen Formation is up to 307 m thick, with 
the maximum thickness development located in the Mimosa Syncline, as intersected by GSQ 
Chinchilla 4 (Green et al., 1997; Hoffmann et al., 2009). The Evergreen Formation is more areally 
extensive than the Precipice Sandstone, and both formations show evidence of onlap (Green et al., 
1997; Sliwa and Esterle, 2008). The heterogeneous composition, fine-grained texture and the 
laterally extensive and thick nature of the Evergreen Formation indicate a potentially 
geochemically-reactive, tight sealing caprock. 
2.9.3 The Hutton Sandstone  
The Hutton Sandstone represents the start of the second Surat Basin supersequence, and is a mica-
rich sublabile to quartzose, well-sorted fine to medium-grained sandstone, with interbedded 
siltstone and mudstone, rip-up clasts and pebble lags, and minor coal and mudstone (Martin, 1977; 
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Green et al., 1997; Hoffmann et al., 2009). Green and co-workers (1997) characterise the Hutton 
Sandstone in wireline log by low “sand baseline” gamma-ray log values, high average resistivity, 
and a fast, quiet sonic log response. Previously, the Hutton Sandstone was interpreted to 
conformably overlie the Evergreen Formation; however, Hoffmann and co-workers (2009) have 
recently propose an erosional contact boundary. The Hutton Sandstone is laterally extensive, and 
extends into the Moreton and Eromanga Basins, where it is commonly cemented by an argillaceous 
or calcareous infill (Green et al., 1997; Mikes and Geel, 2006). The lithologically heterogeneous, or 
‘dirty’ nature of the Hutton Sandstone indicates that it may be compositionally more reactive than 
the Precipice Sandstone, with the variations in lithology also suggesting more internal permeability 
variability. This suggests the Hutton Sandstone could both store and baffle CO2, depending on local 
lithological and textural heterogeneity. 
2.10 A coordinated attack 
Ground-truthing of the potential CO2–water–rock interactions invoked through artificial CO2 
exposure during injection and storage is essential, and combined experimental, modelling and field 
studies of CO2 storage in low-salinity aquifers are currently lacking. This study attempts to address 
some of the missing elements in existing low-salinity studies by coupling experimental work 
conducted under P–T conditions relevant to storage using whole core samples with numerical 
modelling, investigating both the mineralogical and reservoir property impacts of CO2 injection and 
storage. The seemingly insurmountable task of achieving insight into reservoir-scale interactions in 
low-salinity systems is ventured by combining experimental, modelling and petrographic data, and 
by relating these processes to natural processes of CO2 accumulation.  
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CHAPTER 3 
Mineralogical characterisation of a targeted potential CO2 reservoir system 
in the Surat Basin, Queensland 
Image: Photomicrograph of the Evergreen Formation (5× magnification, PPL), showing low 
porosity and mineralogical complexity, with quartz, lithics, clays, micas, feldspars and carbonates. 
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Mineralogical characterisation of a potential reservoir
system for CO2 sequestration in the Surat Basin
S. M. FARQUHAR1*, G. K. W. DAWSON1, J. S. ESTERLE1 AND S. D. GOLDING1
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The Jurassic-aged Precipice Sandstone and Hutton Sandstone in the Surat Basin (Queensland) are
potential targets for CO2 sequestration that exhibit considerably different mineralogies. Hyperspectral
logging was complemented with petrographic studies to reveal core-scale mineralogical distributions.
Scanning electron microscopy and X-ray diffraction analyses of the bulk rock composition and clay
(52 mm) fraction provided an adjunct to mineral identiﬁcation. The Precipice Sandstone is interpreted
to be geochemically poorly reactive with a clean, quartzose mineralogy dominated by quartz and
kaolinitic clays. These clays coat grains and partially ﬁll pores, having formed from the extensive
leaching of unstable feldspars and lithics, and are commonly associated with Fe-oxide/hydroxide. The
mineralogy of the Evergreen Formation is geochemically reactive and contains signiﬁcant feldspar,
smectite, chlorite, carbonate and kaolinite, and should therefore serve as an effective intraformational
seal. Low permeability in the Evergreen Formation is attributed to extensive porosity loss following burial
compaction, which is evident from the formation of pressure-dissolution features and a lithic-derived
clay-rich pseudo matrix in several samples. The Hutton Sandstone is a heterogeneous potential
reservoir, with geochemically reactive intervals containing smectite, chlorite and Fe–Mn–Mg–Ca
carbonates, in addition to feldspars and lithics. Variable clay matrix content, porosity and locally
signiﬁcant cementation within the Hutton Sandstone indicate a mineralogically heterogeneous unit
that could have the capacity to buffer emplaced CO2. This potentially provides an additional vertical
component of capture and storage to the potential reservoir system, in addition to the traditional
regional seal provided by the Evergreen Formation.
KEY WORDS: Surat Basin, CO2 sequestration, Precipice Sandstone, Hutton Sandstone, Evergreen
Formation, mineralogy, HyLogger, X-ray diffraction, scanning electron microscopy.
INTRODUCTION
The Jurassic-aged strata of the Surat Basin, Queens-
land, have been an important target for hydrocarbon
exploration since 1900, when a water well located near
Roma ﬂowed natural gas from the Precipice Sandstone
(Cadman & Pain 1998). Recently, the focus on explora-
tion in the Surat Basin has extended to include CO2
geosequestration targets, which have similar reservoir
quality requirements in terms of porosity, permeabil-
ity and formation thickness (cf. Koide et al. 1992;
Bachu 2003; Kaldi et al. 2009). A number of units in the
Surat Basin have been identiﬁed as potential reser-
voirs for CO2 storage, including the Precipice Sand-
stone and Hutton Sandstone (Bradshaw et al. 2009,
2011; Hodginkson et al. 2009). Although the sedimentol-
ogy of these units has previously been investigated
(Martin 1977; Cooke 1984; Green et al. 1997), there is a
shortage of detailed information on the mineralogy
and diagenetic history of these formations in the
context of potential geochemical reactivity, with on-
going work also being conducted by Hodgkinson &
Grigorescu (2012) at a broader, basin-wide scale for the
Surat Basin.
Interactions between CO2, water and host rock in a
porous system can substantially impact injectivity,
volumetric storage capacity, plume migration, seal
efﬁciency and long-term CO2 storage potential through
geochemical interactions inducing changes in porosity
and permeability. In addition to a traditional reservoir
quality assessment, a detailed site-speciﬁc mineralogi-
cal characterisation of potential geochemical reactivity
is also needed to understand the implications of CO2
injection and storage on CO2–water–rock interactions
for both seal and reservoir facies (Gunter et al. 1997;
Czernichowski-Lauriol et al. 2006). During CO2 injection,
near-well ﬂuid–rock interactions involving mineral
alteration and migration can result in formation
damage from mineral swelling, dissolution and (re)
precipitation (Civan 2007). Characterisation of detrital
and diagenetic clay minerals is important when con-
sidering the sensitivity of minerals (e.g. kaolinite, illite
and mixed-layer clays) to ﬁnes mobilisation and migra-
tion during CO2 injection and the reduction in perme-
ability through pore-throat bridging and occlusion
(Civan 2007; Ambrose et al. 2008). Injectivity can also
be hindered by the expansion of ﬂuid-sensitive swelling
*Corresponding author: susan.farquhar@uqconnect.edu.au
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clay minerals (e.g. smectite) substantially reducing
permeability, while acid-sensitive clay minerals can
lead to pore-throat plugging through the precipitation of
new minerals (e.g. the precipitation of gelatinous iron-
hydroxide from chlorite) (Civan 2007).
The dissolution of CO2 in formation waters forms
carbonic acid, the dissociation of which subsequently
reduces pH in an unbuffered system; in a siliclastic
reservoir, this can induce reactions between minerals
and hydrogen ions leading to the alteration of cements,
dissolution of labile mineral phases and (re) precipita-
tion of minerals (Kirste et al. 2004; Hodgkinson &
Grigorescu 2012). As such, mineralogical reactions with
pore waters containing dissolved CO2 can lead to the
dissolution of labile minerals, potentially increasing
injectivity in the near-well region (Gunter et al. 1993).
Reactions between cations made available from dissolu-
tion of basic silicate minerals and aqueous bicarbonate
species can result in the precipitation of carbonate
minerals, potentially decreasing permeability (Gunter
et al. 1993; Xu et al. 2001). These geochemical interac-
tions are rate-dependent, being affected by a number of
factors, including: formation water composition, host-
rock mineral composition and permeability, mineral
surface interaction area, and thermodynamic and
kinetic properties (Xu et al. 2001; Kirste et al. 2004).
Reactions between geological media and groundwater
solutions vary with time and CO2 saturation, necessitat-
ing experimental testing and prediction through geo-
chemical modelling (Rosenbauer et al. 2005).
This study assesses the mineralogical characterisa-
tion of two potential reservoirs (one relatively miner-
alogically homogeneous unit and one heterogeneous
unit) and one seal in the Surat Basin using several
analytical techniques, including the relatively new
application of hyperspectral logging. For this investiga-
tion, the Jurassic interval of three reference strati-
graphic boreholes drilled in the 1980s located in the
Surat Basin was examined (Figure 1a). This study is part
of an ongoing investigation of the Precipice Sandstone,
Evergreen Formation and Hutton Sandstone as a poten-
tial CO2 storage system. A parallel study conducted by
Grigorescu (2011) provides valuable mineralogy based
on X-ray diffraction (XRD) analyses of a number of
geological formations in the Bowen and Surat basins,
with an emphasis on basin-wide spatial variation of
mineral assemblages. Our contribution complements
their work by providing textural petrographic context
in addition to detailed mineralogical petrography,
focusing on the Precipice Sandstone, Hutton Sandstone
and Evergreen Formation as a potential reservoir
system in the Surat Basin, and contributing to future
experimental work and geochemical modelling.
Geological setting
The Surat Basin (Figure 1a), located in southeast
Queensland and extending into northern New South
Wales, likely formed as a result of extensive regional
subsidence owing to dynamic platform tilting in the late
Triassic, following the peneplanation of existing base-
ment rocks and basins contained within eastern Aus-
tralia during the mid to late Triassic (Korsch &
Totterdell 2009; Waschbusch et al. 2009). This subsidence
was initiated with minimal reactivation of the compres-
sion-related faulting of the Permian and Triassic,
although contractional deformation in the late Cretac-
eous later led to folding and uplift of the Surat Basin
succession, with minor fault propagation nucleated
from the underlying Triassic and older strata (Cadman
& Pain 1998). As a result, the Surat Basin generally
unconformably overlies Devonian to Triassic-aged
rocks, with parts of the basin-margins overlying the
northern New England Orogen in the east and Lower
Paleozoic basement of the Nebine Ridge (a.k.a. Maranoa
Anticline) in the west (Figure 1b) (cf. Exon 1976). In the
centre, the Surat Basin unconformably overlies the
Permian–Triassic Bowen and Gunnedah Basins owing
to minimal Triassic movement (Exon 1976; Hoffmann
et al. 2009). As well as having several reservoir–seal
pairs of hydrocarbon interest (Exon 1976), the Surat
Basin comprises part of the Great Artesian Basin;
therefore, these structures are also aquifers and aqui-
tards (Hodginkson et al. 2009; Hoffmann et al. 2009).
Deposition in the Surat Basin largely commenced in
the Lower Jurassic, with limited deposits from Upper
Triassic preserved in the sequence (Hoffmann et al.
2009). The Surat Basin comprises a relatively thin
package of terrigenous to coastal marine sediments,
averaging 2 km thickness deposited over ca 100 Ma
(Hoffmann et al. 2009; Korsch & Totterdell 2009).
Sedimentation in the Jurassic initiated with the Pre-
cipice Sandstone, a laterally extensive (Figure 1a),
predominantly quartzose (Figure 2a), ﬁne- to very
coarse-grained sandstone with pebbly horizons and
minor siltstone (e.g. Martin 1977; Green et al. 1997;
Hoffmann et al. 2009, and references therein). The basal
low-stand tract of the Precipice Sandstone and the
overlying transgressive sequence of the Evergreen
Formation form the ﬁrst of three major supersequences
within the Surat Basin, and were deposited over ca 24
Ma (Figure 3). The Precipice Sandstone has an average
thickness of about 70 m and is widely accepted to have
been deposited in a series of prograding meandering and
braided ﬂuvial systems (e.g. Exon 1976; Martin 1977;
Green et al. 1997; Hoffmann et al. 2009). Cooke (1984) also
proposes that the ﬂuvial, braided to meandering river
systems included occasional interdistributary lacus-
trine elements. The relatively quartz-rich, homogeneous
composition and laterally continuous sheet-like nature
of the formation indicate a potentially extensive, perme-
able and poorly reactive CO2 host formation. The
Precipice Sandstone, which is conformably overlain by
the Lower Jurassic Evergreen Formation, forms the
basal sequence of the Surat Basin (Figure 3). During
deposition of the Precipice Sandstone in the Lower
Jurassic, climactic conditions were becoming increas-
ingly humid, probably with monsoonal wet and dry
seasons. Temperature and humidity continued to in-
crease through the Lower Jurassic (McKellar 1998).
The base of the Evergreen Formation is predomi-
nantly reported as a very-ﬁne to medium-grained
sandstone, overlain by carbonaceous silt- and mudstone,
shale, oolitic ironstone and minor coal. The lithic to
lithofeldspathic Evergreen Formation (Figure 2b) also
contains the Boxvale Sandstone Member, which is a
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Figure 1 Geological setting of the Surat Basin: (a) well locations and subcrop map of the Precipice Sandstone, Evergreen
Formation and Hutton Sandstone within the Surat Basin, Queensland (modiﬁed after Scott et al. 2007; Bradshaw et al. 2009;
Hoffmann et al. 2009); (b) schematic section through Surat Basin to show structural relationships (modiﬁed after Exon 1976).
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quartzose ﬁne- to coarse-grained sandstone not found in
the southeastern region of the basin (Green et al. 1997;
Sliwa & Esterle 2008; Hoffmann et al. 2009). The Ever-
green Formation is up to 307 m thick, with the maximum
thickness intersected by Chinchilla-4, located in the
Mimosa Syncline (Green et al. 1997; Hoffmann et al. 2009).
The Evergreen Formation is more laterally extensive
than the Precipice Sandstone (Figure 1), and both
formations show evidence of onlap (Green et al. 1997).
Sedimentation of the Evergreen Formation occurred
during a transgression, forming a gradational contact
with the top of the Precipice Sandstone. Some contention
exists regarding the depositional environment. Exon
(1976) propose a possible coastal-plain environment, with
the lower part of the formation and the Boxvale
Sandstone Member deposited as meandering streams
and deltas. The formation has also been interpreted to
have formed in a ﬂuvio-lacustrine environment, with
Martin (1977) proposing the sandier intervals forming
from high-sinuosity meander belts, point-bars and
splays. Cooke (1984) categorises the Evergreen Forma-
tion as either ﬂuvio-marginal lacustrine or delto-lacus-
trine, and attributes the deposition of the Evergeen
Formation to the increased development of lakes with
the associated formation of deltas. Fielding (1989) inter-
preted the Boxvale Sandstone Member as being depos-
ited in a prograding lacustrine-delta system. Green et al.
(1997), and references therein, discuss previously pro-
posed prograding lacustrine and brackishmarine deltaic
systems, and interpret the quartzose Boxvale Sandstone
Member as a prograding onshore delta system, with the
Westgrove Ironstone Member indicating the upper part
of a transgressive sequence. The ﬁne-grained, hetero-
geneous composition and the laterally extensive and
thick nature of the Evergreen Formation indicate a
potentially highly reactive, sealing caprock.
The Hutton Sandstone represents the start of the
second Surat Basin supersequence, and is a mica-rich,
sublithic to quartzose (Figure 2c), well-sorted ﬁne to
medium-grained sandstone, with interbedded siltstone
Figure 2 Quartz–Feldspar–Lithic (QFL) plots (Folk 1974) for the Surat Basin: (a) Precipice Sandstone, modiﬁed after Fehr
(1965) and Martin (1977); (b) Evergreen Formation, modiﬁed after Fehr (1965) and Cooke (1984); (c) Hutton Sandstone,
modiﬁed after Fehr (1965); (d) QFL plots for the Precipice Sandstone (P), Evergreen Formation (E) and Hutton Sandstone (H).
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and mudstone, rip-up clasts and pebble lags, and minor
coal and mudstone (Martin 1977; Green et al. 1997;
Hoffmann et al. 2009). Hoffmann et al. (2009) have
interpreted the rapid change in regional grainsize,
depositional architecture and composition as evidence
of a sudden drop in base level, forming a major sequence
boundary. The Hutton Sandstone is laterally extensive
(Figure 1), extending into the Moreton and Eromanga
Basins where it is commonly cemented by an argillac-
eous or calcareous inﬁll (Green et al. 1997; Mikes & Geel
2006). The average thickness of the Hutton is between
120 and 180 m, with a maximum interval of 266 m (Green
et al. 1997). The Hutton Sandstone is widely accepted to
have been deposited in a meandering river system in a
ﬂuvial-ﬂoodplain environment (e.g. Exon 1976; Green
et al. 1997; Hoffmann et al. 2009), with differential
compaction of the underlying Evergreen Formation
interpreted by Sliwa & Esterle (2008) as controlling the
initial channel distribution. The lithologically hetero-
geneous, or ‘dirty’ nature of the Hutton Sandstone
suggests that it may be compositionally more reactive
than the Precipice Sandstone (Figure 2d).
Detailed burial curves for the Surat Basin are
provided in Raza et al. (2009). Denudation is estimated
to have removed a maximum of*1.9 km for the eastern
Surat Basin, with denudation of *1–1.3 km reported in
the study area proximal to Chinchilla-4 (Raza et al. 2009).
The paleotemperature gradient calculated from vitrinite
reﬂectance data and apatite ﬁssion-track analyses in the
study area is *28–358C/km, which is comparable with
the present-day geothermal gradient (Raza et al. 2009).
Backstripped tectonic subsidence curves reported by
Waschbusch et al. (2009) indicate close to 200 m of
subsidence for the Hutton Sandstone in the eastern part
of the Surat Basin owing to tectonic processes alone.
SAMPLING AND ANALYTICAL METHODS
Cored sections from the Surat Basin were sampled from
the Precipice and Hutton sandstones, and the Evergreen
Formation. These units are currently CO2 storage
targets under investigation as potential reservoir and
seal facies, respectively. Chinchilla-4 (CHIN-4), Taroom-
15 (TRM-15) and Taroom-17 (TRM-17) wells were hyper-
spectrally logged and imaged using the HyLogger 2TM
system. The petrographic sampling covered the Jurassic
interval in boreholes CHIN-4 and TRM-15, with CHIN-4
being taken as lithologically representative of the
formations and selected to undergo detailed analysis
(Figures 1, 3; see Green et al. (1997) for detailed
lithostratigraphy). Samples were taken at various
depths from representative lithotypes (i.e. sandstone,
siltstone, mudstone+ claystone) of the Precipice Sand-
stone, Evergreen Formation and Hutton Sandstone.
Hyperspectral logging
HyLogger 2TM is an automated hyperspectral scanning
system comprising a reﬂectance spectrometer, laser
proﬁlometer and colour linescan camera. Manually
washed and dried core trays are robotically fed via an
automated X–Y translation table through the system,
with samples of reﬂectance spectra taken every 4 mm.
Colour high-resolution images are taken every 4 mm
using a Basler piA1900-32gc camera, with a frame size of
120 mm6 6.5 mm and an effective resolution of about 10
pixels per mm (Mason & Huntington 2010). The laser
proﬁlmeter records 64 height measurements per 4 mm
of movement and is used to identify and exclude (mask)
core breaks at the interpretation stage. Two spectro-
graphs record adsorptions in the visible near-infrared
(VNIR) and short-wave infrared (SWIR) range, between
wavelengths of 400 and 2500 nm (Mauger & Huntington
2005). Uncalibrated radiance is measured by the spectro-
graphs and converted to absolute reﬂectance; the VNIR
(380–1072 nm) range is measured by a silicon-detector
grating spectrometer, while the SWIR (1072–2500 nm)
range is measured by a liquid nitrogen cooled InSb-
detector Fourier Transform Infrared photovoltaic con-
ductor (Mason & Huntington 2010). The use of these
wavelength ranges enables the identiﬁcation of phyllo-
silicates, amphiboles, carbonates, sulfates and iron
oxides; however, non-hydroxylated framework silicates
(e.g. quartz and feldspar) are not spectrally active in
Figure 3 Generalised stratigraphic section for the Jurassic
succession, Surat Basin. Modiﬁed from Korsch & Totterdell
(2009) and Hoffmann et al. (2009).
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these ranges and are not detected by the HyLogger 2TM
system (Huntington et al. 2010; Mason & Huntington
2010). Multiple overlapping spectra are composited to
provide a spectral ﬁeld of view of about 8 mm in
diameter and 12 mm along-track. When combined with
the motion of the core, this provides a spectral output of
approximately 10 mm6 18 mm. HyLoggerTM outputs
data as raw ‘SDS’ format ﬁles, which are imported and
processed using CSIRO’s ‘The Spectral Geologist’ soft-
ware (TSGTM). In total, approximately 1550 m of core
were spectrally logged for this study, binned to 2 m
intervals. Mineral identiﬁcations were made using the
CSIRO’s ‘The Spectral Assistant’ algorithm (TSATM) by
the deconvolution of spectra against a library of
reference spectra for approximately 60 mineral and
non-mineral artefacts (Huntington et al. 2010). Identiﬁ-
cation of minerals uses characteristic spectral features,
or adsorptions, which result from light energy inducing
molecular vibrations (Mason & Huntington 2010). For
this study, mineral interpretations by TSA were limited
by the assumption that measured spectra comprise a
mixture of one or two mineral phases only. Similarly,
selected ‘standard’ minerals used in the TSA database
are derived from averages of mineral reﬂectance spectra
and may not be representative of site-speciﬁc minerals
(Wells & Chia 2011). At the time of logging, the
HyLoggerTM Thermal Infrared (TIR) logging system
was not available; as a result, non-hydroxylated silicates
(e.g. feldspars and quartz) were not recorded in this
study. A later version of the HyLoggerTM system
incorporates TIR wavelengths, allowing the identiﬁca-
tion of non-hydroxylated silicates.
XRD
Detailed XRD analyses of CHIN-4 whole-rock samples
and oriented clay separates were conducted to conﬁrm
mineralogy, with twinned samples taken for thin-
section petrography. A subset of samples from each
unit was also selected for scanning electron microscopy
(SEM) analysis to verify mineral identiﬁcations. The
mineralogical composition of the whole rock and of the
clay (52 mm) fraction were analysed using an X-ray
diffractometer equipped with Bragg-Brentano parallel
beam geometry and CuKa radiation, operated at 40 kV
and 40 mA, with a step size of 0.028 2y and count time of 1
second. Whole-rock samples were prepared by the ‘back-
ﬁll method’ using a glass slide, as described by Moore &
Reynolds (1997), to minimise preferential mineral or-
ientation. Oriented clay samples were prepared by the
‘glass slide method’ for clastic rocks, as outlined by
Moore & Reynolds (1997); rock samples were gently
crushed to sand-size particles, then disaggregated in an
ultrasonic bath of distilled water. Centrifugation was
used to obtain different clay-size fractions, and decanted
suspensions dropped onto a glass slide and air dried in
an oven at 608C for several hours. Following XRD
analysis of the oriented clay aggregate, samples were
exposed to ethylene-glycol vapour for two days at 258C
and subsequently reanalysed. XRD analyses on ethy-
lene-glycol treated 52 mm clay separates were per-
formed to conﬁrm mineral identiﬁcations, such as the
presence of smectite. Whole-rock powder analysis was
used to determine semi-quantitative bulk compositions
for the samples and to provide an adjunct to the
identiﬁcation of difﬁcult clay minerals, such as kaolin
and mica polytypes. Clay mineral and bulk-rock identi-
ﬁcation is based on criteria outlined by Brindley &
Brown (1980) and Moore & Reynolds (1997).
Optical microscopy
Thirty-six thin-sections from TRM-15 and CHIN-14 were
examined by conventional petrography to provide
mineralogical context. Thin-sections were vacuum-im-
pregnated with blue epoxy to highlight inter- and
intragranular porosity.
SEM
The textural relationship between grains and pore-ﬁlling
material of selected twinned thin-section offcuts were
studied using a low-vacuum JEOL 6460 scanning elec-
tronmicroscope ﬁtted with an energy-dispersive spectro-
meter (EDS) located at the University of Queensland’s
Centre for Microscopy and Microanalysis. Semi-quanti-
tative X-ray spectra, produced from the interaction of the
electron beam with the sample surface, were obtained
using the JEOL Analysis Station software package after
a counting period of 20 s per spot analysis, providing
element identiﬁcation. High-resolution images of the
relative electron densities were taken using a back-
scatter detector (EBSD), which allowed the interpreta-
tion of areas of differing elemental compositions within
an image. Dark regions of electron density photographs
indicate the presence of either lighter elements or voids.
Lighter regions may correspond to heavier elements or
the presence of static charging owing to conductivity
anomalies. Different images cannot be directly com-
pared in terms of certain shades of grey corresponding to
particular elements within the given images, as the
brightness and contrast settings cannot be duplicated for
different images by this technique.
OBSERVATIONS AND RESULTS
HyLogger results
The complete spectral logging proﬁles for Taroom-15,
Chinchilla-4 and Taroom-17 are shown in Figure 4.
Minerals that were identiﬁed as common to all drill
holes include: well and poorly crystallised kaolinite,
dickite, muscovite, ‘illitic muscovite’ (HyLoggerTM ID),
montmorillonite, Fe-chlorite, gypsum and hydrous
amorphous silica (opal). These minerals represent only
the SWIR- and VNIR-responsive minerals contained
within the rock sequences. Well-crystallised kaolinite
was recorded throughout the Precipice Sandstone, the
Evergreen Formation and the Hutton Sandstone, and
occurs as a major spectral constituent in all three cores.
Binned mineral sample counts are considered qualita-
tive proxies for the relative abundance of spectrally
responsive minerals at a given depth. The relative
distribution of kaolinite is common to all drill holes,
with the kaolin sample count highest for the Precipice
TAJE_60-01_O.indd Page 96  11/03/13  9:03 PM user-f-401 ~/Desktop/11.03.2013/TAJE_60-01
52
Fi
g
u
re
4
H
y
p
e
r
sp
e
c
tr
a
l
su
m
m
a
ry
c
o
r
r
e
la
ti
o
n
fo
r
C
h
in
c
h
il
la
-4
,
T
a
r
o
o
m
-1
5
a
n
d
T
a
r
o
o
m
-1
7
.
M
in
e
r
a
ls
a
r
e
se
m
iq
u
a
n
ti
ta
ti
v
e
r
e
la
ti
v
e
to
o
th
e
r
sp
e
c
tr
a
ll
y
-r
e
sp
o
n
si
v
e
m
in
e
r
a
ls
(m
in
e
r
a
l
c
o
n
te
n
t
li
m
it
4
5
%
),
a
n
d
a
r
e
w
e
ig
h
te
d
a
c
c
o
r
d
in
g
to
th
e
ir
r
e
la
ti
v
e
sa
m
p
le
c
o
u
n
t.
S
a
m
p
le
s
a
r
e
b
in
n
e
d
a
t
a
2
m
in
te
r
v
a
l.
 CO2 sequestration in the Surat Basin  97
TAJE_60-01_O.indd Page 97  11/03/13  9:03 PM user-f-401 ~/Desktop/11.03.2013/TAJE_60-01
53
98  S. M. Farquhar et al.
and Hutton sandstones. Gypsum is recorded as a minor,
isolated mineral phase within each unit.
Distinctive spectral assemblages can be identiﬁed for
each unit across the three cores, with the boundaries of
units commonly represented in HyLoggerTM section by
a characteristic change in mineral distribution. The
Precipice Sandstone is characterised by a simple kaolin-
group dominated mineral distribution, with the only
spectrally responsive minerals being kaolinite, dickite,
hydrous amorphous silica+minor montmorillonite.
Dickite occurs as a major spectral constituent in the
Precipice Sandstone across all three holes, decreasing in
sample count towards the top of the unit. The boundary
between the Precipice Sandstone and the base of the
Evergreen Formation can be identiﬁed in the spectral
response of all holes by an abrupt change in kaolin-
group mineralogy from dickite to well-crystallised
kaolinite.
The Evergreen Formation is characterised by a
moderately complex, spectrally responsive mineralogy,
with a smectite-dominated clay mineral assemblage
recorded throughout the cores. Chlorite, ‘illitic para-
gonite’ (HyLoggerTM ID) and minor poorly crystallised
kaolinite and hydrous amorphous silica (‘opal’) are also
present (Figure 4). Taroom-17 and Chinchilla-4 both
record illite-mica in the middle of the unit, with
moderate muscovite, illite–paragonite+ illitic musco-
vite observed, while the Evergreen Formation mineral
distributions in TRM-15 were limited to montmorillo-
nite–kaolinite–hydrous amorphous silica. The relative
distribution of white mica content in the Evergreen
Formation in TRM-17 increases considerably towards
the top of the unit, and the top 50 m of the unit strongly
resembles the mineralogy of the Hutton Sandstone.
The boundary between the top of the Evergreen
Formation and the base of the Hutton Sandstone in
TRM-15 is hyperspectrally recorded by an abrupt
change in mineralogy from smectite to kaolinite–
muscovite-dominated clay mineral assemblages (Figure
4). A more diffuse boundary is recorded in CHIN-4, with
only minor sample counts for white mica recorded at the
base. The Hutton Sandstone is hyperspectrally charac-
terised by high sample counts of well-crystallised
kaolinite, moderate montmorillonite and high musco-
vite content in two of the holes. Cycles of montmor-
illonite-dominated distributions (at the expense of
kaolinite-dominated distributions) are observed and
are correlatable across the three cores. Taroom-17 and
TRM-15 both exhibit similar trends of several cycles of
increasing kaolinite and mica content bounded by
lenses of smectite-dominated spectra. In general, in-
creasing illite content is also associated with these
cycles, with signiﬁcant mineral content identiﬁed as
‘illitic muscovite’ associated with a lack of montmor-
illonite. All three holes contain minor Fe-rich chlorite
throughout the unit. Localised instances of calcite are
recorded in CHIN-4 and TRM-15 but are absent from
TRM-17 (Figure 4).
XRD results
Bulk-rock XRD analyses of the CHIN-4 Precipice Sand-
stone samples show a very simple mineralogy (Table 1),
with only quartz and kaolin observed in all samples.
Quartz was identiﬁed as the dominant mineral, and
kaolin was recorded in all samples (Figure 5).
Kaolin was identiﬁed by the presence of narrow
sharp peaks at both *7.1 A˚ and *3.5 A˚. Analysis of hkl
reﬂections was used to distinguish kaolin polytypes,
with criteria for diagnostic reﬂections modiﬁed from
Brindley & Brown (1980). Discrimination between
kaolin polytypes was attempted using XRD patterns
obtained from randomly oriented samples, with analysis
of hkl reﬂections between 208 and 408 2y considered to
offer the most suitable diagnostic features (Lanson et al.
2002). Owing to the signiﬁcant overlap of features in this
range with quartz, several of the peaks outlined as
diagnostic were considered to be unsuitable. For this
study, the peaks that were found to be most useful were
the kaolinite peak at d¼ 2.34 A˚ in combination with a
peak at d¼ 2.29 A˚, which resulted in asymmetry in the
adjacent quartz peak (d¼*2.28 A˚), and the dickite
peak at d¼ 2.32 A˚ (adapted from Brindley & Brown 1980
and Moore & Reynolds 1997). Where these peaks were
noted to be ambiguous or supressed, mineral identiﬁca-
tion was limited to ‘kaolin.’ Using these criteria,
kaolinite was identiﬁed in the majority of samples
(Table 1).
WHOLE-ROCK MINERALOGY
Whole-rock (WR) XRD analysis of the Precipice Sand-
stone indicates a simple mineralogy dominated by
quartz, with kaolinite and detrital muscovite present
in minor quantities (Table 1), as conﬁrmed petrographi-
cally.
Mineralogical complexity is higher in the Evergreen
Formation and the Hutton Sandstone, with Na-feldspar
(identiﬁed as albite in XRD), K-feldspar (identiﬁed as
microcline) and K–Na-rich feldspars (identiﬁed as
sanidine) recorded in varying quantities. Plagioclase
feldspars are predominantly Na-rich, and intermediate
to Ca-rich feldspars are rarely observed. Feldspar
composition varies from Na-rich to K-rich within the
Hutton and the Evergreen, but both units appear to
contain more albite relative to other feldspars. The
overall feldspar content is somewhat higher in the
Evergreen Formation than in the Hutton Sandstone
(Figure 5). The ﬁner-grained lithologies of the Hutton
Sandstone contain signiﬁcantly more feldspar than the
coarse-grained lithologies. Despite being observed in the
majority of XRD samples, feldspar was not always
distinguished petrographically, even in the coarser-
grained sandstones of the Evergreen Formation, sug-
gesting low total feldspar contents within the Evergreen
Formation and Hutton Sandstone.
Mica-group minerals were distributed throughout
the formations, with trace amounts of muscovite
observed in the Precipice Sandstone; these were con-
strained as detrital muscovite and a biotite-group
member by optical microscopy. Variable mica content
is recorded in the Evergreen Formation and Hutton
Sandstone, while the Precipice Sandstone contains
minor detrital muscovite (Figure 5). Muscovite content
tends to be higher in ﬁner-grained lithologies. A Ti-rich
biotite-group member, as identiﬁed by SEM–EDS (dis-
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cussed below), was difﬁcult to distinguish from phlogo-
pite in XRD owing to similarity with other magnesium-
bearing trioctahedral micas. Scanning electron micro-
scopy and optical microscopy were used as an adjunct to
provide relative abundances in Figure 5, but SEM–EDS
on all samples would be needed to conﬁrm true mica
identiﬁcation; as such, core-scale distributions are
reported as biotite-group minerals.
Whole-rock XRD analyses indicate minor to signiﬁ-
cant amounts of calcium carbonate, often with a
manganese component, within the Evergreen Forma-
tion and the Hutton Sandstone. Carbonate content in
both formations appears to be somewhat localised, and
does not appear to be constrained by grainsize. Siderite
and ankerite are common in the Hutton Sandstone, and
one instance of siderite as a major mineral phase was
noted in the Evergreen Formation (Figure 5).
CLAY-FRACTION MINERALOGY
Four main clay minerals were identiﬁed in the Precipice
Sandstone, Evergreen Formation and Hutton Sandstone:
i.e. kaolinite, smectite, illite and chlorite. Kaolinite was
found in all analysed samples in signiﬁcant quantities
and was conﬁrmed petrographically in most samples.
The clay (52 mm) fractions of ﬁner-grained samples
generally contain relatively less kaolinite than those of
the coarser-grained samples; coarse-grained lithologies
from all formations contain more kaolinite relative to
other clays in this size fraction.
Smectite was found in varying quantities in the
majority of samples analysed for the clay mineral
fraction, with only one sample from the base of the
Evergreen Formation lacking smectite clay. Trace to
moderate amounts of smectite were observed in samples
from the Precipice Sandstone, while signiﬁcant smectite
content was observed in the mid to lower Evergreen
Formation and in some intervals of the Hutton Sand-
stone (Figure 5). For the Evergreen Formation and the
Hutton Sandstone, relative smectite clay content ap-
pears to be minor within intervals containing higher
visible porosity. Smectite was identiﬁed by a strong
peak at *17 A˚, with the location of the 003 peak used to
determine composition where possible. For most of the
samples, this peak was located closer to 5.65 A˚, indicat-
ing a low mixed-layer illite composition (Hillier 2003).
Illite was recorded in the majority of XRD samples, and
the sharp, narrow (about 0.28 2y) nature of the peaks
potentially indicates a detrital origin.
The samples from Precipice Sandstone, Hutton
Sandstone and Evergreen Formation contain very little
illite, with no clear evidence of mixed-layer illite/
smectite clays after ethylene glycol treatment. Chlorite
was identiﬁed by the presence of peaks at 14.2, 7.1, 4.7
and 3.55 A˚. Heating the samples to above 5008C to
distinguish between kaolinite and chlorite was consid-
ered to be unnecessary as only minor overlap exists
between the even-order chlorite (004) and kaolinite (002)
peaks in the clay fraction. For kaolinite, the 002 peak
was consistently located at d-spacings of *3.58 A˚,
whereas the chlorite 004 peak was readily resolvable
from this peak at d¼ 3.54 A˚. These distinctive spacings
suggest an Fe-rich chlorite (Hillier 2003), which is
conﬁrmed by the supressed relative intensity of the
Figure 5 Representative XRD
mineral distributions in Chinch-
illa-4, where bar thickness ap-
proximates relative proportions
for each mineral. Mica-group
members are constrained using
SEM–EDS and optical micro-
scopy.
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003 peak relative to the 002 and 004 peaks of chlorite.
Chlorite was found to be absent from all Precipice
Sandstone samples, but is a trace to signiﬁcant compo-
nent in the Hutton Sandstone and Evergreen Formation
relative to other clay minerals. It is the dominant clay
mineral in two samples from above and below the
Hutton Sandstone and Evergreen Formation contact.
Optical microscopy
PRECIPICE SANDSTONE
Petrographic analyses reveal the Precipice Sandstone to
be a relatively homogeneous, porous, poorly sorted, ﬁne-
to coarse-grained sandstone showing signiﬁcant grain-
size variation (Figure 6a). It is interpreted to be
compositionally poorly reactive, consisting of a grain-
supported quartz arenite with high porosity and perme-
ability. Detrital constituents in the Precipice Sandstone
consist mainly of subangular framework quartz grains
comprised predominantly of monocrystalline non-un-
dulatory quartz. Minor polygonised quartz grains occur
as both polycrystalline and elongated undulose segmen-
ted aggregates. Trace coarse-grained detrital muscovite
is observed in some samples and sometimes shows
evidence of bending from compaction and fan-like
features from alteration to kaolin, where the growth of
authigenic clays has expanded the mica sheets (Figure
6b). Fine-grained muscovite also occurs rarely as trace
inclusions in quartz grains. Rare lithic clasts or
feldspars have been pervasively altered to kaolin
(Figure 7d). The apparent angularity of quartz grains
is interpreted to result from the etching and dissolution
of grains, and the growth of straight-edged authigenic
quartz overgrowths; these overgrowths are commonly
intergrown with or around signiﬁcant amounts of clay
(Figure 7f). The presence of such features is likely to be
underestimated, as both the detrital quartz grains and
authigenic quartz overgrowths are corroded (Figure 7f).
Quartz grains show evidence of signiﬁcant cracking and
etching from corrosion in all samples from the Pre-
cipice, and rare intra-granular porosity and embayed
edges indicate partial mineral dissolution (Figure 7d–f).
Dissolution of unstable non-quartzose minerals (e.g.
feldspars) is evidenced by the presence of large over-
sized pores and has been followed by partial porosity
inﬁlling owing to the precipitation of kaolin and
associated iron-oxide pseudo matrix (Figure 6a). Pri-
mary porosity reduction owing to burial was observed
in the form of pressure-dissolution contacts, occurring
as interlocking quartz grains and commonly as pres-
sure-solution stylolites between quartz grains (Figure
7e). Variable Fe-oxide content, as Fe-oxide/hydroxide-
rich clay pseudomatrix and as pore lining adjacent to
open or kaolin-ﬁlled pores, varies within both cores and
is more abundant in samples containing more kaolin
replacement products (Figure 7e).
EVERGREEN FORMATION
Petrographic analyses show the Evergreen Formation to
be heterogeneous and compositionally complex (Figure
6c), with ﬁne- to medium-grained sandstone interbedded
with laminated carbonaceous mudstone and common
silty stringers (Figure 6d). Optical microscopy revealed
the Evergreen Formation to be a chemically immature
argillaceous wacke to quartzose sandstone in places,
with varying amounts of detrital micas and feldspars
and localised carbonate cementation. The base of the
Evergreen Formation consists of moderately clean, ﬁne-
grained, angular to subangular grain-supported sand-
stones with detrital quartz, fresh and altered biotite-
group member+kaolin-altered muscovite and remnant
feldspars. Quartz grains in the Evergreen Formation are
relatively fresh-looking and predominantly monocrys-
talline, and commonly show evidence of authigenic
quartz overgrowth. Some quartz grains show pressure
dissolution in the form of concavo-convex boundaries,
and grains rarely show embayment. Signiﬁcant kaoli-
nitic and/or chloritic clay matrix is observed in most
samples, commonly with sericite (Figure 7c). Coarse-
grained detrital true micas make up a large proportion
of the coarser-grained samples. Grain-supported sam-
ples containing less matrix appear to contain more
muscovite, whereas matrix-supported samples tend to
be rich in biotite-group members (Figure 6c). Plagio-
clase and alkali feldspars are observed as both remnant
subhedral grains and as clay-ﬁlled pores that resemble
the characteristic crystal shape. Minor detrital carbo-
naceous material is observed at the base of the unit in
TRM-15, increasing upwards in abundance and becom-
ing a major component, especially in the ﬁner-grained
intervals. Feldspar, mica, lithic and clay content also
increase and the signiﬁcant clay content is associated
with very low visible porosity (Figure 7c). Carbonate
cement is commonly observed (Figure 6e), and localised
instances of possible detrital or relict carbonate cement
are occasionally noted. Minor additional mineral
phases, such as partially corroded garnets, oxides and
hydroxides, are only observed using optical microscopy.
Anatase-containing chlorite forms microstylolites in the
majority of samples. The porosity and permeability of
the Evergreen Formation have been critically reduced
owing to burial compaction, as evidenced by the ductile
deformation of argillaceous ﬁne-grained lithic frag-
ments (Figure 7c), and the formation of a clay- or Fe-
rich pseudo matrix, which is squeezed around quartz
grains. This process has resulted in very low visible
porosity throughout most of the unit, with localised
instances of higher porosity associated with the dissolu-
tion of material.
HUTTON SANDSTONE
The Hutton Sandstone is shown to be a moderately
immature, heterogeneous lithic–feldspathic arenite to
lithic wacke. Optical mineralogical analyses show
angular to subrounded, well-sorted grains of monocrys-
talline quartz with variable lithic content, signiﬁcant
detrital mica and minor plagioclase and alkali feldspars
(Figure 6f). Moderately clean, coarse-grained intervals
comprise grains of angular monocrystalline quartz and
signiﬁcant amounts of detrital micas and feldspars with
minor lithics and carbonaceous material. Pressure
solution features are observed; however, grains are
chieﬂy matrix-supported or ﬂoating, or occur with
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tangential contacts with a low packing density and high
porosity. Locally signiﬁcant cementation occurs within
the Hutton Sandstone, with poikilotopic diagenetic
calcite observed in one sample in Chinchilla-4, com-
monly encroaching partial kaolin inﬁlling of porosity
within the sample (Figure 6g). Calcite is also observed to
embay straight-edged authigenic quartz overgrowths
(Figure 7a). Detrital quartz grains frequently show
authigenic quartz overgrowths and biotite-group miner-
als, alkali- and plagioclase feldspar grains commonly
appear fresh, with the feldspars exhibiting only minor
clay-mineral alteration. In ﬁner-grained lithic-rich in-
tervals, quartz grains are commonly chemically
rounded by dissolution embayments and authigenic
quartz overgrowths are rare. These intervals also
contain signiﬁcant amounts of Fe-oxide or hydroxide,
with deformed lithics and Fe-oxide/hydroxide-rich mi-
crostylolites showing signiﬁcant compaction and
squeezing around quartz grains, forming a pseudoma-
trix and considerably reducing intergranular porosity.
Lithic clasts throughout most of the Hutton Sandstone
are predominantly metamorphic, which commonly
show evidence of a schistose microfabric composed of
polycrystalline quartz+muscovite, or volcaniclastic
(Figure 7b). These intervals commonly contain chlorite
that is replacing a biotite-group mineral. The uppermost
Figure 6 Photomicrographs: Preci-
pice Sandstone (a) showing high
porosity with partial kaolin ﬁll-
ing, poor sorting and subangular
quartz clasts, (b) detrital mica
shows fanning from kaolin
growth and replacement; Ever-
green Formation (c) biotite-group
member and lithic rich ﬁne-
grained sandstone showing com-
paction features and (d) squeezing
of lithoclasts; Hutton Sandstone
(e) showing carbonate cement and
internal replacement of schistose
clast by kaolin, (f) Fe-oxi/hydro-
xide and clay-ﬁlled pressure-dis-
solution microstylolite, (g) kaolin
partially inﬁlls porosity, carbo-
nate cement occludes porosity
and embays detrital quartz and
(h) sandstone with compacted
mudstone clasts.
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Figure 7 Photomicrographs showing textural relationships: Hutton Sandstone (a) showing straight-edged authigentic quartz
overgrowths (Qa), carbonate (Ca, with carbonate at the top of the screen also showing partial dissolution) replacing grains
(including lithic grain, L) and inﬁlling porosity (P) and embaying quartz grains (arrows), (b) kaolinite (K) and amorphous
silica (Si) altered and partially compacted volcanolithic grain with remnant mica (M), Fe-oxide/hydroxide-rich clays, which
coat adjacent grains (C), intergranular (P) and intra-granular (arrows) dissolution porosity; Evergreen Formation (c)
showing very low porosity resulting from alteration and compaction of lithic fragments (arrows), which are squeezed around
quartz (Q) and K-feldspar (K) grains; Precipice Sandstone (d) showing heavily etched and cracked detrital quartz grains (Q),
pervasively kaolinite-altered feldspar (K), and Fe-stained clay (C) lining pores and grains, (e) angular quartz grains (Q)
commonly showing suturing (S) and embayment (arrows), microporosity from kaolinite partially ﬁlling porosity (K),
pseudomatrix formed from Fe-oxide/hydroxide and clay (Fe), (f) high porosity (P), including dissolution porosity (D), detrital
quartz grains (Q) showing clay-ﬁlled authigenic overgrowths (Qa) and inclusion-rich bands (arrows), kaolinite lining grains
and partially inﬁlling dissolution porosity (K).
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section of Hutton Sandstone contains pseudomatrix
formed from compacted and ﬂattened mudstone clasts
(Figure 6h).
Scanning electron microscopy results
One Precipice Sandstone, three Evergreen Formation
and two Hutton Sandstone samples were surveyed via
SEM with the aid of an EDS (Figure 8). The frequencies
of observation of various minerals within the samples
are listed in Tables 2 and 3. Quartz was abundant in all
samples except sample 340 (1053 m) of the Evergreen
Formation, with matrix kaolin being the next most
common mineral in the Precipice Sandstone sample but
not the others, in contrast to what is suggested by the
XRD results. Precipice Sandstone kaolin is poorly
crystallised, lacking both the typical euhedral vermi-
form booklets of kaolinite and the blocky texture
characteristic of dickite. In contrast, the kaolin in the
Hutton Sandstone and, to a lesser extent, the Evergreen
Formation commonly showed well-formed euhedral
booklets and vermicular textures, in addition to ﬁner-
grained anhedral crystals. Calcite cement ﬁlls the pore
space between quartz grains of Hutton Sandstone
sample 256 (799 m; Figure 8a, b), whereas two kinds of
ankerite cement are common within Hutton Sandstone
sample 279 (868 m); Fe–Mn–Ca-ankerite with or without
magnesium. All siderite observed within the samples
appeared to be pore-ﬁlling cement rather than concre-
tions (Figure 8c, d). Oxyphlogopite, a titanium-bearing
biotite-group member, was the most frequently observed
mineral after quartz in Hutton Sandstone sample 279
(868 m) and Evergreen Formation sample 364 (1126 m)
(Figure 8g, h). Oxyphlogopite is a magmatic steam
alteration product commonly found associated with
minerals such as albite, the Na–Ca-plagioclase series,
and sanidine, all of which are present in selected
samples in varying amounts in the Evergreen Forma-
tion and the Hutton Sandstone (cf. Ralph & Chau 2012).
Modest amounts of both illite and I/S are likely present
within the samples, and Fe-chlorite may be present
within Evergreen Formation sample 364 (1126 m; Figure
8e). Delicate Fe-oxide and/or hydroxide minerals were
rarely observed ﬁlling pores (Figure 8f).
DISCUSSION
The Hutton Sandstone and the Precipice Sandstone are
both active sequestration targets, while the Evergreen
Formation is being investigated as an intraformational
seal (Bradshaw et al. 2009; Hodgkinson & Grigorescu
2012). Detailed mineralogical characterisation of a CO2
reservoir must be undertaken to assess potential CO2
geochemical reactivity. In general, primary and second-
ary mineralogy have previously been investigated by
means of traditional techniques employed in the petro-
leum industry, such as core logging and optical micro-
scopy. Owing to the ﬁne nature of clay minerals,
additional analyses are often required to adequately
proﬁle clay mineralogy and determine the likely
impact of CO2 sequestration. HyLogger is a fast, core-
scale, non-invasive analysis technique with the ability
to distinguish between mineral phases. In this study,
hyperspectral logging was conducted in addition to
XRD, thin-section analysis and SEM–EDS to obtain
core-scale mineral distributions from the three strati-
graphic cores located in the Surat Basin. Hyperspectral
scanning by HyLoggerTM identiﬁed characteristic
mineral distributions for the Precipice Sandstone, Ever-
green Formation and Hutton Sandstone in all cores,
with each unit exhibiting a correlatable spectral miner-
al distribution.
Precipice Sandstone
Hyperspectral logging of the SWIR and VNIR spectra
indicate a geochemically very poorly reactive mineral-
ogy in the Precipice Sandstone. The relatively homo-
geneous mineralogy, particularly the very low feldspar
content and the presence of signiﬁcant amount of
kaolinite clays, indicates the Precipice Sandstone is
chemically mature, somewhat in contrast to what the
angularity and the poor sorting of the quartz grains may
suggest. HyLoggerTM reported the Precipice Sandstone
as having a simple clay mineralogy consisting predomi-
nantly of kaolin-group minerals. The distribution of
hyperspectrally derived ‘dickite’ within all cores is
limited to the Precipice Sandstone, and the top and base
of the unit are easily correlated at the core scale using
this as a marker. Analysis by XRD showed kaolin-group
minerals to be limited to kaolinite, or intermediate to the
reﬂections of dickite and kaolinite, and analysis by SEM
showed the kaolinitic clay lacked the blocky form of
dickite crystals, indicating the dickite observed by
HyLoggerTM is actually kaolinite. Kaolin in the Precipice
Sandstone generally occurs as pore-ﬁlling clay, possibly
representing replaced feldspars and lithics, and com-
monly occurs as very thin layers coating quartz grains,
as observed by SEM–EDS. Secondary porosity is often
oversized and commonly prismatic, and exhibits partial
inﬁlling by kaolinite, suggesting the kaolinite formed
from extensive feldspar+ lithic leaching. These kaolini-
tic clays are likely to be of diagenetic origin owing to
their partial pore-ﬁlling association with highly altered
feldspars and lithics and by the fanning of detrital
muscovite ends that are adjacent to open pores, as
observed in thin-section (cf. Bertier et al. 2008). Kaolinite
was also likely to have formed during eogenesis under
the humid climactic conditions of the Lower Jurassic
(McKellar 1998), with kaolinite content and dissolution
of grains likely to be controlled by permeability (Worden
& Morad 2003). A generalised summary of the diagenetic
processes of the Precipice Sandstone, Evergreen Forma-
tion and Hutton Sandstone is given in Figure 9.
Extensive dissolution of constituents is also asso-
ciated with the precipitation of Fe-oxide/hydroxide-rich
clay in which individual grains cannot be distinguished.
When substantial, this Fe-oxide/hydroxide forms a
pseudomatrix that coats grains and locally ﬁlls pores,
blocking pore throats. This Fe-pseudo matrix is likely to
be mineralogically constrained by the original miner-
alogy and presence of previous feldspars and lithics.
This Fe-oxi/hydroxide precipitation likely occurred
during the early stages of burial, when near-surface
oxygen-bearing groundwaters were circulating through-
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out the formation. Kaolin-inﬁlled pore spaces generally
have high intercrystalline porosities, unlike the Fe-
oxide/hydroxide ﬁlled pore spaces. Clear authigenic
quartz overgrowths in the Precipice Sandstone are
infrequently observed, possibly due in part to inhibition
by kaolin-lining grains and the presence of pseudoma-
trix. Pore-throat occlusion by this pseudomatrix exists
at a localised (mineralogically controlled) scale. How-
ever, this feature is likely to be of limited importance at
the reservoir scale.
It is commonly accepted that illitisation of kaolinite
occurs during deep burial diagenesis (Lanson et al. 2002).
However, as illite formation is controlled by available K-
feldspar content (Chuhan et al. 2000), in deeply buried
kaolinite-containing sandstones deﬁcient in K-feldspar
during deposition or owing to extensive diagenetic
alteration, illite formation may be inhibited (Ajdukie-
wicz & Lander 2010, and references therein). As illitic
clay content is restricted to the modest illite content
indicated by SEM–EDS, it is likely that the Precipice
Figure 8 SEM electron backscatter
images: (a) (Hutton Sandstone,
*799 m) predominant quartz
grains (black, 1) and calcite pore-
ﬁlling (white, 2); (b) calcite ce-
ment (white, 1) precipitated be-
tween kaolin ﬂakes (grey, 2); (c)
(Hutton Sandstone, *868 m) side-
rite+Fe-oxi/hydrodixe pore-ﬁll
and grain-coating (white, 1); (d)
(Evergreen Formation, *947 m)
siderite pore-ﬁll and grain-coating
(1), muscovite (2), kaolin (3)
quartz (4); (e) (Hutton Sandstone,
*868 m) iron-chlorite and ex-
solved anatase crystals (1), quartz
(2); (f) (Hutton Sandstone,
*799 m) pore-ﬁlling iron oxide
minerals (white, 1) amongst
quartz grains (grey, 2); (g) (Ever-
green Formation, *1126 m) oxy-
phlogopite (Ti-rich biotite group
member) ﬂake (centre, O); (h) EDS
X-ray spectra and semi-quantita-
tive elemental abundance data for
the ﬂake of oxyphlogopite.
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Sandstone has not undergone signiﬁcant illitisation.
This evidence indicates the Precipice Sandstone was not
buried deeply enough to undergo extensive illitisation of
the kaolinitic and smectitic clays (Morad et al. 2000).
Previous work on burial history and paleogeothermal
temperatures by Raza et al. (2009) indicates a burial
temperature of 60 to 908C for the Precipice Sandstone.
This potentially places the Precipice Sandstone in the
window for illitisation (above 608C), indicating the lack
of illitisation could be due to a deﬁciency in K-feldspar
following extensive leaching during early diagenesis.
Evergreen Formation
Hyperspectral logging of the Evergreen Formation
showed an easily correlatable kaolinite-dominated base,
with the remainder of the unit being dominated by
smectite. Signiﬁcant illite, mica and hydrous amorphous
silica were also reported in the middle of the unit. The
top of the Evergreen was easily identiﬁable in two of the
cores, with the top of the unit in the other well instead
strongly resembling the Hutton’s mineralogical distri-
bution. As seen by HyLoggerTM, the Evergreen Forma-
tion contains signiﬁcant smectite, identiﬁed as
montmorillonite by HyLogger and conﬁrmed as a
smectite-group mineral in XRD, indicating a potentially
highly reactive mineralogy. However, the ‘illitic mica’
recorded by HyLoggerTM was not observed in XRD
analyses. Minor amounts of gypsum are noted in the
Evergreen Formation and theHutton Sandstone, and to a
lesser extent the Precipice Sandstone. Formation waters
compositions in the Surat Basin are predominantly
chloride, sodium and lesser bicarbonate-bearing; how-
ever, they also contain minor to moderate amounts of
sulfate, potentially resulting in the precipitation of
gypsum on the core surface during drying of pore ﬂuids.
Additional analyses show the Evergreen Formation to be
predominantly ﬁne-grained and mineralogically hetero-
geneous, with signiﬁcant constituents likely derived
from volcanic+metamorphic lithics. There is evidence
of signiﬁcant burial compaction by the ductile deforma-
tion of argillaceous ﬁne-grained lithic fragments,
Figure 9 Paragenetic sequence
showing relative timing of miner-
al formation for the Precipice
Sandstone, Evergreen Formation
and Hutton Sandstone, derived
from textural relationships ob-
served in petrography.
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severely reducing porosity, particularly in ﬁner-grained
intervals. Most samples also show chemical compaction
in the form of Fe-oxide/hydroxide-ﬁlled microstylolites.
XRD revealed moderate chlorite throughout the
Evergreen Formation, which was determined as Fe-
chlorite by SEM–EDS, and HyLogger also recorded
minor isolated Fe-chlorite. Feldspars, which are not
spectrally responsive using the HyLogger 2TM system,
are abundant in the Evergreen Formation, as observed
by XRD, SEM–EDS and optical microscopy. While XRD
showed feldspar composition to be predominantly sodic,
SEM–EDS recorded K-feldspars to be more frequently
observed. Both analyses recorded low Ca-rich feldspar
content. Feldspar composition commonly proved difﬁ-
cult to determine in thin-section owing to alteration and
replacement by clay minerals and owing to the ﬁne-
grained nature of many samples.
Potentially geochemically reactive carbonates, which
were observed as a moderate to major phase in the
Evergreen Formation by SEM–EDS and XRD, are likely
to be under-represented by the minor discrete calcite
recorded by hyperspectral logging. Additional analyti-
cal methods identiﬁed these carbonates as ankerite and
siderite, appearing to be of localised importance.
Hutton Sandstone
The Hutton Sandstone appeared in hyperspectral proﬁle
to be highly micaceous, with muscovite and illitic
muscovite being major mineral phases, and variable
distribution of montmorillonite. Chlorite, ‘illitic para-
gonite’ (HyLoggerTM ID) and calcite were also reported
with localised occurrence. Hyperspectral scanning
shows the Hutton to be reasonably reactive, with the
montmorillonite and calcite distribution indicating
potential geochemical reactivity. These results were
supported by optical microscopy and XRD, which also
reported chlorite, K–Na-feldspars and muscovite as
moderate to signiﬁcant mineral phases in addition to
the moderate smectite and carbonate observed. Petro-
graphic analyses revealed the Hutton Sandstone to be
compositionally heterogeneous, with ﬁner-grained in-
tervals tending to be clay-matrix dominated and coar-
ser-grained intervals tending to be porous or carbonate
cemented. Authigenic quartz overgrowths and pressure
solution features are common in coarser-grained inter-
vals within the Hutton Sandstone, implying primary
porosity reduction from compaction. This is also seen
through the formation of Fe-oxide/hydroxide and clay-
ﬁlled microstylolites. In some intervals, feldspars and
lithic fragments are partially replaced by clays, identi-
ﬁed as containing signiﬁcant chlorite kaolinite and, to a
lesser extent, smectite. Despite a signiﬁcant clay com-
ponent in the Hutton Sandstone, smectite occurs less
frequently in XRD and SEM–EDS samples than is
indicated by hyperspectral logging. This suggests it
might be overestimated, with the surﬁcial smectite
potentially being derived from drilling ﬂuid, although
the composition of the drilling mud could not be veriﬁed
from well completion records. Scanning electron micro-
scopy showed small anatase crystals were present in
abundance among layers of Fe-rich chlorite, which were
inferred to be the alteration products of the Ti-rich
biotite-group mineral. In contrast to the interpretation
of calcite being the only carbonate present from
hyperspectral logging, carbonate mineralogy varies
within the unit; Mn-calcite, siderite and Ca–Fe–
Mn+Mg ankerites were all recorded by SEM–EDS
and XRD in varying quantities. Feldspar content in the
Hutton Sandstone is variable and appears to be asso-
ciated with grainsize.
For this study, limitations on the identiﬁcation of
framework grains were encountered, as the SWIR-
active minerals are restricted to hydroxyls, carbonates
and sulﬁdes. Since this study commenced, later ver-
sions of the HyLoggerTM logging system have been
ﬁtted with a Thermal Infrared (TIR) spectrograph,
which is able to capture non-hydroxylated silicates
such as quartz and feldspars. For future mineralogical
characterisation of the Precipice, Evergreen and Hut-
ton, re-scanning with the TIR-ﬁtted HyLogger system is
recommended.
CONCLUSIONS
Mineralogical characterisation of prospective CO2 sto-
rage reservoirs and seals using several analytical
techniques, including the relatively new application of
hyperspectral logging for CO2 sequestration, revealed
signiﬁcant differences in mineralogies of the target
reservoirs that have different implications for CO2–
water–rock interactions.
The Precipice Sandstone comprises a highly quart-
zose mineralogy with minor detrital muscovite, and
relict lithics and feldspars that are pervasively altered
to kaolinite. Pore spaces show minimal evidence of
burial compaction and there is limited illitisation of
kaolinite, indicating diagenetic events are unlikely to be
related to burial history. It is suggested that periodic
leaching of acidic ﬂuids resulted in the extensive
leaching of chemically unstable constituents, resulting
in the extensive interconnected secondary porosity and
mineralogical homogeneity observed. These ﬂuids could
be associated with a number of processes, including
meteoric water, ﬂuids from mantle degassing, volcan-
ism or a mixture of sources. The resultant composition-
ally clean and geochemically poorly reactive
mineralogy indicates the Precipice Sandstone suitable
for residual pore-space, hydrodynamic and dissolution
trapping of CO2 rather than mineral trapping. The
Precipice Sandstone is unlikely to experience signiﬁ-
cant changes to reservoir quality by the dissolution or
precipitation of minerals, but potentially risks near-well
pore-throat occlusion by mobilised kaolin.
The Evergreen Formation comprises a potentially
highly reactive, heterogeneous mineralogy, capable of
acting as a seal for the Precipice Sandstone owing to
signiﬁcant discrete smectite, chlorite and kaolinite
content, in addition to the ﬁne grainsize and generally
low porosity. Porosity loss is attributed to the high clay
content and burial compaction observed in the form of
pressure-dissolution features, microstylolites and asso-
ciated formation of a lithic-derived, clay-rich pseudo
matrix. Owing to the ﬁner grainsize and commonly low
porosity of the Evergreen Formation, it is likely that
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acidic ﬂuids would have had less interaction with
unstable constituents, limiting the opportunity for
extensive secondary porosity from mineral dissolution.
There is a risk of localised porosity increase owing to
dissolution of carbonates in Mn-calcite rich intervals.
The Hutton Sandstone comprises a heterogeneous
mineralogy including detrital micas, feldspars, lithics,
kaolinite, smectite, chlorite and C/S, and Ca–Fe–Mn–Mg
carbonates. The chemically immature mineralogy and
variable clay content indicates potential geochemical
reactivity during CO2 sequestration, with dissolution of
reactant minerals like carbonate cements potentially
increasing near-well permeability and swelling clays
(smectite+ chlorite) potentially reducing porosity.
Fines migration and the mobilisation of clays may
cause pore-throat occlusion. The metal cations provided
by the feldspars and basic aluminosilicate clays enable
complexation with aqueous bicarbonate species, leading
to mineral trapping of CO2 through the precipitation of
carbonates. Potential geochemical reactions are depen-
dent on interactions with CO2-rich ﬂuid. While the
Hutton Sandstone is mineralogically variable, extensive
cementation may prevent access to the potentially
reactive minerals. Potential geochemical reactions with-
in potential reservoir and seal units can be experimen-
tally tested and predicted through modelling with the
aid of a detailed mineralogical characterisation of
potential CO2 storage systems.
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CHAPTER 4 
 
A FRESH APPROACH TO CO2 STORAGE  
 
 
 
 
 
Image: Scanning electron backscatter image of a Hutton Sandstone rock sample before and after 
(inset) experimental reaction with supercritical CO2 at simulated basin conditions. Extensive 
dissolution of calcite cement has resulted in enhanced open porosity.  
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The interactions between CO2, water and rock in low-salinity host formations remain largely unexplored for
conditions relevant to CO2 injection and storage. Core samples and sub-plugs from ﬁve Jurassic-aged Surat
Basin sandstones and siltstones of varying mineralogy have been experimentally reacted in low-salinity water
with supercritical CO2 at simulated in situ reservoir conditions (P = 12 MPa and T = 60 °C) for 16 days
(384 h), with a view to characterising potential CO2–water–rock interactions in fresh or low-salinity potential
siliclastic CO2 storage targets located in Queensland, Australia. CO2–water–rock reactions were coupled with
detailed mineral and porosity characterisation, obtained prior to and following reaction, to identify changes in
the mineralogy and porosity of selected reservoir and seal rocks during simulated CO2 injection. Aqueous
element concentrations were measured from ﬂuid extracts obtained periodically throughout the experiments
to infer ﬂuid–rock reactions over time. Fluid analyses show an evolution of dissolved concentration over time,
with most major (e.g. Ca, Fe, Si, Mg, Mn) and minor (e.g. S, Sr, Ba, Zn) components increasing in concentration
during reaction with CO2. Similar trends between elements reﬂect shared sources and/or similar release
mechanisms, such as dissolution anddesorptionwith decreasing pH. Small decreases in concentration of selected
elements were observed towards the end of some experiments; however, no precipitation of minerals was
directly observed in petrography. Sample characterisation on a ﬁne scale allowed direct scrutiny ofmineralogical
and porosity changes by comparing pre- and post-reaction observations. Scanning electron microscopy and
registered 3D images from micro-computed tomography (micro-CT) indicate dissolution of minerals, including
carbonates, chlorite, biotite members, and, to a lesser extent, feldspars. Quantitative mineral mapping of sub-
plugs identiﬁed dissolution of calcite from carbonate cemented core, with a decrease in calcite content from
17 vol.% to 15 vol.% following reaction, and a subsequent increase in porosity of 1.1 vol.%. Kinetic geochemical
modelling of the CO2–water–rock experiments successfully reproduced the general trends observed in aqueous
geochemistry for the investigated major elements. After coupling experimental geochemistry with detailed
sample characterisation and numerical modelling, expected initial reactions in the near-well region include
partial dissolution and desorption of calcite, mixed carbonates, chloritic clays and annite due to pH decrease,
followed in the longer-term by dissolution of additional silicates, such as feldspars. Dissolution of carbonates is
predicted to improve injectivity in the near-well environment and contribute to the eventual re-precipitation
of carbonates in the far ﬁeld.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
Geological storage of carbon dioxide is one of the mitigation strate-
gies currently being investigated to reduce CO2 emissions from source
nodes, with similar processes involving supercritical CO2 injection
occurring routinely in the petroleum industry through enhanced oil
recovery (EOR) (Bachu et al., 1994). Current investigations of potential
CO2 storage solutions identify aquifers as particularly attractive, in
part due to their extensive potential storage capacities, favourable
poro-permeability characteristics, and their geographical proximity to
CO2 source nodes (Bachu et al., 1994; Michael et al., 2009). To date,
investigations into CO2–water–rock interactions have largely focussed
on CO2 storage in deep saline aquifers for the purpose of atmospheric
CO2 mitigation. Previous experimental investigations in particular
have focussed extensively on simulating the interactions between CO2,
water and rock in formationwater with a saline composition, common-
ly in the range of 1–3MNaCl (e.g. Rosenbauer et al., 2005; Bertier et al.,
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2006;Wigand et al., 2008; Ketzer et al., 2009; Luquot et al., 2012;Wilke
et al., 2012; Yu et al., 2012).
By contrast, aquifer reservoir systems that have the necessary
potential storage capacity and that are geographically desirable for
CO2 storage in Queensland, Australia, generally have low salinity; this
necessitates further investigation of CO2–water–rock interactions in
freshwater formation conditions (Bradshaw et al., 2009; Hodgkinson
and Grigorescu, 2012; Farquhar et al., 2013). Previous work on CO2–
water–rock interactions in freshwater formations has been limited. To
date, the limited studies involving fresh groundwater compositions
have largely focussed on the potential risk of CO2 leakage into fresh-
water bodies following CO2 injection into underlying targeted saline
formations (Nicot, 2008; Birkholzer et al., 2009; Smyth et al., 2009),
rather than studying low-salinity aquifers as reservoirs in their own
right. Additionally, previous experimental work simulating water–
CO2–rock interactions has predominantly been conducted with dis-
aggregated material (Little and Jackson, 2010; Lu et al., 2010; Humez
et al., 2013) or with single or pure mineral samples (Wilke et al.,
2012), rather than attempting to untangle the complications that arise
fromusing naturally variable whole rock samples. Similarly, many stud-
ies use elevated temperature conditions to accelerate reactions with a
view to predicting the long-term effects of CO2 injection (Gunter et al.,
1997; Kaszuba et al., 2003; Ketzer et al., 2009), or to accommodate re-
gions with high geothermal gradients (Kaszuba et al., 2005). However,
this may actually lead to thermodynamically inaccessible reactions oc-
curring. Short-term batch reaction experiments using mineralogically-
variable samples help shed light on the complex interactions of storage
systems, and can be used as a basis to predict and understand the long-
term response of CO2–water–rock interactions in natural aquifer sys-
tems (Wilke et al., 2012).
As a result, the interactions between a targeted Australian freshwa-
ter aquifer system and supercritical CO2 were investigated at simulated
in situ reservoir conditions bymeasuring the extract reaction ﬂuids over
time, and observing changes to the reactant rock samples. This study
aimed to observe and characterise the chemical response of a targeted
fresh to low-salinity aquifer system to CO2 injection by experimentally
reacting core samples from ﬁve Jurassic-aged Surat Basin sandstones
and siltstones of differing lithologies with freshwater and supercritical
CO2 at simulated in situ reservoir conditions (P = 12 MPa and T =
60 °C) for 16 days (~384 h). Unlike many previous studies, this study
will include detailed characterisation of core samples prior to and
following reaction with CO2 to aid kinetic geochemical modelling
and experimental interpretations of CO2–water–rock interactions.
2. Carbon dioxide storage and geochemical interactions
2.1. CO2 storage processes
Long-term storage of CO2 can occur through various potential trap-
ping mechanisms, including stratigraphic or structural containment, dis-
solution and long-term migration of CO2-saturated formation water,
residual CO2 trapping in pore spaces, and the precipitation of carbonate
minerals (Gunter et al., 1993; Bachu et al., 1994).
The physical trapping mechanisms employed in CO2 injection and
storage practices are largely analogous to those found in conventional
hydrocarbon accumulation traps. Buoyant immiscible or free-phase
ﬂuids are contained by a regional low-permeability seal (Bachu and
Bennion, 2008; Hovorka et al., 2009) and collected in structural or strat-
igraphic traps created due to the geometry of the reservoir, as discussed
initially in the context of hydrocarbons (Biddle and Wielchowsky,
1994), and in the context of CO2 storage in detail by several authors
(e.g. Benson and Cook, 2006; Bachu et al., 2007; Solomon et al., 2008;
Bradshaw et al., 2009; Holloway, 2009, among others). Examples of
structural and stratigraphic traps include anticlines, changes in lithofacies
or reductions in permeability due to secondary alteration, unconformities
and faults.
Hydrodynamic trapping, which involves long CO2 residence times
resulting from low hydraulic gradients, employs both physical and
chemical trapping mechanisms. These mechanisms occur in the form
of residual trapping of the CO2 plume tail in pore spaces and localised
matrix heterogeneities (Solomon et al., 2008; Bradshaw et al., 2009;
Holloway, 2009), and as solubility trapping, where CO2 dissolves and
becomesmiscible in water and thenmigrates through diffusion, disper-
sion and convection with the aquifer's regional hydrodynamic regime
(Koide et al., 1992; Bachu et al., 1994, 2007; Benson and Cook, 2006;
Assayag et al., 2009). Finally, CO2–water–rock reactions can lead tomin-
eral trapping, where CO2 is permanently contained through carbonate
mineralisation, with divalent cation bearing siliclastic reservoirs having
the highest sequestration potential (Gunter et al., 1993, 1997; Bachu
et al., 1994).
2.2. Implications of CO2–freshwater–rock interactions
During injection, CO2 dissolves in formation waters to form aqueous
CO2 and carbonic acid. This drives down the pH, leading to a disequilib-
rium between formation water and minerals, and resulting in chemical
reactions. The solubility of CO2 in water is dependent on the pressure–
temperature (P–T) conditions and ionic strength, with aqueous CO2 sol-
ubility generally increasingwith pressure, and decreasingwith temper-
ature and salinity (Rosenbauer and Koksalan, 2002; Duan and Sun,
2003). Injecting CO2 at high pressure into lower-salinity reservoirs, as
opposed to brackish or brine reservoirs, will allow more CO2 to be dis-
solved into formation waters. This will also reduce buoyancy-driven
migration of the CO2 plume due to smaller density differences be-
tween the CO2 plume and formation waters, which would lead to
longer CO2 residence times in line with low-velocity migration of
formation waters (Bachu, 2000). An added potential beneﬁt of CO2
injection in fresh or low-salinity reservoirs could involve the en-
hancement of poro-permeability in the near-well environment dur-
ing injection from material dissolution.
2.2.1. Implications of chemical interactions on reservoir quality
The implications of CO2–water–rock interactions, summarised
below, are reviewed by Gaus (2010) in the context of brine aquifers,
but are also largely applicable to low-salinity reservoirs. During dissolu-
tion of CO2 in water, the weak acid H2CO3 forms and dissociates in the
water (Eq. (1)):
CO2 þH2O↔H2CO3↔Hþ þ HCO−3 : ð1Þ
This results in a decrease in pH, which in turn induces dissolution of
minerals of the host rock and may result in desorption of ions from
mineral surfaces (Apps et al., 2010). Interactions involving reactive
minerals, for example carbonates, will result in buffering of the pH
and a reduction in acidity (Eq. (2)):
CaCO3
calcite
þHþ↔Ca2þ þ HCO−3
bicarbonate
: ð2Þ
The dissolution ofminerals can extend to silicates, aswell as carbon-
ates, with examples for albite (Eqs. (3) and (4)) and Fe-rich chlorite
(Eq. (5)), adapted from Gunter et al. (1997), Watson (2006) and Gaus
(2010):
NaAlSi3O8
albite
þCO 2 aqð Þ þ H2O↔NaAlCO3 OHð Þ2
dawsonite
þ3SiO2
silica
ð3Þ
7NaAlSi3O8
albite
þ6CO2 aqð Þ þ 6H2O↔ 6HCO−3
bicarbonate
þ6Naþ þ Na‐smectite
þ10SiO2
silica
ð4Þ
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Fe4Mn1Al2Si3O10 OHð Þ8
Fe‐chlorite
þ5CaCO3
calcite
þ5CO2 aqð Þ
↔5Ca Fe0:8Mn0:2ð Þ CO3ð Þ2
ankerite
þAl2Si2O5 OHð Þ4
kaolinite
þ SiO2
silica
þH2O: ð5Þ
These CO2–water–rock interactions have considerable implications
in the near-well environment, in terms of porosity and permeability
changes, as a result of dissolution and precipitation, but are not well
studied for low-salinity environments.
Field and experimental applications of CO2 injection have shown
that dissolution of minerals may occur at the dissolved CO2 front, in-
creasing porosity and permeability (Gunter et al., 1997; Kaszuba et al.,
2005), whilst physical mobilisation of non-reactive minerals and pre-
cipitation of minerals can substantially reduce porosity and permeabil-
ity (Gibson-Poole et al., 2005; Civan, 2007; Kaldi and Gibson-Poole,
2008). During CO2 injection, these processes could be either beneﬁcial
or deleterious, depending on the location in a reservoir system. Al-
though an increase in permeability due to dissolution of minerals in
sealing unitswould be unwanted, an increase in permeability in the res-
ervoir close to the wellbore could potentially allow an increase in CO2
ﬂow rate, and lead to a lower pressure-gradient in the near-well envi-
ronment (Gunter et al., 1993). In addition, whilst precipitation of
secondary minerals may reduce permeability in a reservoir unit, pre-
cipitation of silicate or carbonate minerals may lead to the sealing of
fractures, or reductions in porosity and permeability in overlying cap-
rocks (Rosenbauer et al., 2005; Shukla et al., 2010).
3. Methodology
3.1. Geological setting and hydrogeological characteristics
Whole-rock core samples were obtained from three Early to Middle
Jurassic Surat Basin formations, which comprise a targeted storage sys-
tem in Queensland, Australia (Farquhar et al., 2013). Reactant samples
were selected to represent different lithologies commonly found in
siliclastic reservoir systems, with each sample interval exhibiting differ-
ent mineralogy and porosity. This study focussed on three units in the
Surat Basin system: the Precipice Sandstone, Evergreen Formation and
Hutton Sandstone (Fig. 1). This targeted reservoir system comprises a
relatively clean primary reservoir (Precipice Sandstone) overlain by a
variably ﬁne-grained, low-permeability seal (Evergreen Formation)
and a heterogeneous, internally bafﬂed, secondary reservoir or seal
(Hutton Sandstone). Groundwater in the Jurassic-aged clastic se-
quences is predominantly fresh, with a total dissolved solids (TDS) con-
tent of about 500–1500 mg/L and a pH between 7.5 and 8.5 (Cresswell
et al., 2012) across the Surat Basin.
3.1.1. Precipice Sandstone
The Precipice Sandstone sample is a clean, porous, ﬁne- to coarse-
grained quartzose sandstone, with minor grain-coating and pore-
ﬁlling kaolin and relict feldspars and trace detrital muscovite. Porosity
reduction frompressure-solution contacts is observed; however, poros-
ity has been greatly enhanced by feldspar dissolution, and potentially
Precipice Sandstone
Walloon Subgroup 
LITHOLOGY (AS RESERVOIR QUALITY) 
Mudstone (poor) Sandstone (good) 
SCALE (DEPTH) 
100m0 m 50 m 
Evergreen Formation
Fig. 1. Overview of the traditional Surat Basin CO2 reservoir system. Formation depths based on the Chinchilla 4 study well.
Lithological “reservoir quality” indicator adapted from gamma logs for the study well, presented in Bradshaw et al. (2009), which generally reﬂect mudstone vs. sandstone content.
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through the extensive dissolution of previous diagenetic cements
(Farquhar et al., 2013).
The hydrochemistry of the Precipice Sandstone is predominantly
very fresh (TDS ≤ 1500 mg/L) and Na–HCO3 type in the Surat Basin.
These values are biased towards sampling of the shallower intervals of
the units, and may not be representative of the deeper intervals
(Hodginkson et al., 2009). Porosity in the Precipice Sandstone has
been previously reported as 16 ± 5%, with a mean horizontal perme-
ability of 320 ± 905 mD. Permeability is much higher (500–1000 mD)
in the Mimosa Syncline, within which the study area of interest lies
(Kellett et al., 2012).
3.1.2. Evergreen Formation
The Evergreen Formation is chieﬂy a ﬁne- to medium-grained argil-
laceous wacke to quartzose sandstone, interbedded with carbonaceous
mudstone and sandy siltstone. Potentially reactive minerals include the
predominantly Ca-poor feldspars, clays (kaolinite, Fe-chlorite, smec-
tite), detrital micas and varying quantities of carbonates (calcite, anker-
ite and siderite). Porosity is highly variable within the unit, with
intervals of porous ﬁne, quartzose sandstone towards the base of the
unit, interbedded with clay-rich ﬁner-grained intervals that have expe-
rienced signiﬁcant burial compaction to effectively remove porosity, as
shown by the formation of a pseudomatrix formed from ductilely-
deformed ﬁne-grained lithics. The hydrochemistry of the Evergreen
Formation is more variable than that of the Precipice and Hutton sand-
stones, with fresh to brackish compositions reported (Hodginkson et al.,
2009). The Evergreen Formation constitutes an aquitard, with lower av-
erage porosity (15 ± 6%) and horizontal permeability (87 ± 245 mD)
(Kellett et al., 2012). Permeabilities are variable, but are generally
lower in the region of interest.
3.1.3. Hutton Sandstone
The Hutton Sandstone mainly consists of well-sorted, ﬁne to
medium-grained, lithic-feldspathic arenites, with ﬁner-grained lithic-
rich intervals, and coarser-grained intervals that show partial to exten-
sive dissolution of detrital feldspars, lithics and carbonates. Potentially
reactive minerals in the Hutton Sandstone include feldspars (K-rich),
micas, clays (chlorite, smectite-rich) and carbonates, which comprise
calcite, ankerite and siderite. Extensive diagenetic carbonate cement
is observed in one of the Hutton Sandstone samples from ~799 m
(Farquhar et al., 2013).
Hydrochemical signatures in the Hutton Sandstone are largely fresh
or marginally brackish and Na–HCO3 type (Hodginkson et al., 2009).
The Hutton Sandstone has a higher reported mean porosity (22 ± 6%)
and horizontal permeability (426 ± 1334 mD) (Kellett et al., 2012).
Permeability in the study area is highly variable, but is generally higher
than in the depocentre of the Mimosa Syncline.
3.2. CO2 batch-reaction experiment setup
The experiments were conducted in a static batch reactor (Fig. 2)
comprising an unstirred 250 mL Parr reactor vessel with corrosion-
resistant thermoplastic (PEEK) lining and sampling assembly, equipped
with an electronic heating apparatus and ﬁtted to an automatic PC-
based temperature and pressure system, described in detail in this
issue by Pearce et al. (2015–this issue). Pressure was achieved using a
syringe pump and measured using a pressure transducer. Temperature
was maintained using an external heating jacket with feedback to the
control loop, achieved with a thermocouple. Pressure and temperature
measurements were logged at one-minute intervals. Maintaining tem-
perature inside the vessel resulted in a sinusoidal variation in tempera-
ture (T= 60± 0.5 °C) and a correspondingminor variation in pressure
(e.g. P = 120 ± 1 bar for CO2).
A system of valved tubes allows ﬂuids to be introduced and efﬂuent
withdrawn during the experiment. This facilitates the periodic extrac-
tion of experimental leachate through a sampling port to be measured
ex situ, and also allows for the addition of gases during the experiment.
At the cessation of each experiment, the vessel was slowly depressu-
rised and allowed to cool to below ~50 °C prior to sampling of the rem-
nant experiment ﬂuid and retrieval of reacted rock samples.
Prior to conducting each experiment run, sample holders were acid
cleaned and the batch reactor was ﬂushed using two cycles of CO2
ﬂushes with deoxygenated puriﬁed water to minimise procedural con-
tamination. Fluid chemistry of efﬂuent from the second clean CO2 cycle
was used as a procedural blank for the subsequent experiment.
3.3. Experiment conditions for the Surat Basin
3.3.1. Pressure–temperature conditions
Experiments were conducted at simulated pressure–temperature
conditions at a depth of 1.2 km in the north-eastern Surat Basin,
where P= 12MPa and T= 60 °C. These conditions are taken to reﬂect
measured down-hole temperatures in the study area; whilst a raw
71 °C bottom-hole temperature for Chinchilla 4 was recorded at
1255 m (Almond, 1985), a corrected down-hole temperature of 61 °C
was reported in nearby well Rockwood-1 in the Precipice Sandstone
at 1155 m depth (Raza et al., 2009).
3.3.2. Simulated formation water and gas ﬂuid chemistry
Formation water chemistry for the Precipice Sandstone and Hutton
Sandstone is generally fresh in composition, whilst highly variable
fresh to brackish water compositions are reported for the Evergreen
Formation (Hodginkson et al., 2009). For these experiments, a puriﬁed
(ﬁltered and deionised) water composition was adopted as the experi-
ment solvent to simulate fresh water reservoir chemistry for all three
formations, to simplify interpretation of elemental signatures, and
allow direct comparison between the rock samples. Formation water
compositions were constrained by equilibrating the samples with puri-
ﬁed water during the N2 soaking period at experimental temperature
and pressure. This method provides a baseline composition to use as a
comparison during CO2 experiments by dissolving any salts, colloids,
etc. in the pore ﬂuids that could change ﬂuid chemistry prior to CO2 in-
troduction. In the absence of representative in situ formation water
chemistries, these N2 baseline compositions were also used as a proxy
CO2
N2
dip
tube
sample 
holder
liner
“lid”
liner
Parr 
vessel
Fig. 2. Schematic of Surat Basin batch reactor CO2–water–rock experiment setup. An inter-
nal view of the reaction vessel is provided; a supercritical gas phase head exists above the
bulk water phase (shaded) containing saturated core samples. ISCO = injection pump,
DA= data acquisition.
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for initial systemwater chemistries during kineticmodelling. Due to the
use of ion-undersaturated puriﬁedwater, metal release may potentially
be over-predicted with respect to using in situ measured formations
water compositions.
Whilst actual ﬂue gas compositions from combustion systems like
coal-ﬁred power plants are likely to contain contaminants in addition
to CO2, including N2, Ar, O2 and SO2, etc. (Wilke et al., 2012; Pearce
et al., 2015–this issue), this study used pure food-grade CO2 to simulate
CO2 captured for injection purposes. A concurrent and complimentary
study in this issue by Pearce et al. (2015–this issue) investigates the
comparative effect of using impure mixed ﬂuids (CO2, SO2 and water)
in reactions with the same experimental conditions.
3.3.3. Experiment procedure
A summary of the stages of the CO2–water–rock experiments, in-
cluding the cleaning and sampling procedure for the batch reactions,
is shown in Table 1.
Prior to commencing the CO2-reaction stage of the experiments,
whole-rock core samples were fully submerged in puriﬁed water
(70 mL) and exposed to supercritical N2 for ~24 h at 60 °C and
12 MPa to allow a baseline ﬂuid or background water composition to
be determined. In a similar low-salinity study conducted at near-
atmospheric, low-temperature conditions (20 °C and 2 bar) by Humez
et al. (2013), the authors used pH as an indicator of equilibration be-
tween samples and ﬂuid during a N2, pre-CO2 phase. The authors
found that pH plateaued after a very short time (15 min), and com-
menced introduction of CO2 after 260 min, indicating little need for a
prolonged equilibration stage. Following the 24-h N2 soak, supercritical
CO2was introduced into the reactor to ﬂush theN2 and return the vessel
to full pressure (12 MPa). A ﬂushing period was applied prior to each
stage of pressurising the vessels with the respective ﬂuid (supercritical
N2 or CO2) to remove oxygen from the system.
The experiment was allowed to react for 16 days (~384 h) with the
introduced supercritical CO2. Incremental ﬂuid samples were extracted
periodically over the 16 days, with additional CO2 injected when need-
ed to recover minimal pressure drops. Extract ports and lines were also
ﬂushed with CO2 prior to and following sampling, to minimise contam-
ination between samples. Two aliquots were collected per sample, with
1.5–5 mL collected per sample. One aliquot was taken for ex situ mea-
surement of pH, conductivity and temperature—obtained directly after
extraction, when cooled to ~30 °C—using a TPS WP81 pH meter and
electrode previously calibrated to buffer solutions (pH 4.07, 7.00 and
9.00) at 25 °C, with an error of ±0.01. The second aliquot was acidiﬁed
with a 1–2% spike using 70% HNO3 for chemical analysis by ICP-OES
with a Perkins Elmer 8300 D.V. instrument. Selected non-acidiﬁed sam-
ples were reserved for anions analysis for alkalinity by potentiometric
titration (±0.01 mg/kg), chloride ion concentration (±0.01 mg/kg)
by ferricyanide discrete analysis (CAS no. 16887-00-6), and sulphate
concentration (±0.01 mg/kg) by UV–VIS Spectrophotometry (CAS no.
14808-79-8) at ALS Environmental Division, Brisbane.
3.4. Reactant sample selection
Five rock samples from the potential reservoir systemwere selected
for reaction based onmineralogical and petrographic studies. These ﬁve
samples are taken to be representative of the different lithologies and
geochemistries found within the target reservoir system. One sample
was selected from the relatively homogeneous potential primary reser-
voir (Precipice Sandstone), and two samples each were taken from the
more complex primary seal unit (Evergreen Formation) and secondary
seal and/or reservoir unit (Hutton Sandstone).
Two experiment runs were conducted for each of the ﬁve rock sam-
ples (Table 2); a whole cube (15 mm × 15 mm × 15 mm), cylindrical
plug (3–8 mm × 5–7 mm), plus an offcut of variable dimensions
was used for one experiment run (“run A”), and a single half-cube
(15 mm × 15 mm × 7.5 mm) was used for an additional experiment
run (“run B”). The ﬂuid-to-rock ratio for each run is approximately
7:1 (run A) and 23:1 (run B), with 70 mL puriﬁed (ﬁltered and
deionised) water used in reactions. One of the experiment runs
(run A) for one sample (Evergreen Formation, 1138m)was conduct-
ed in 100 mL of 1% KCl solution to preserve sample integrity and
allow post-reaction imaging, as the brother sample from the prior
experiment run (run B) had disintegrated during reaction with puri-
ﬁed water. The calcite-cemented sub-plug (Hutton 799 m) was
wrapped in Mylar heatshrink to preserve sample integrity during
CO2 reaction and allow post-reaction imaging.
4. Analytical techniques
4.1. Sample characterisation and ﬂuid chemistry
Mineral composition of the reactant samples was determined using
X-ray diffraction (XRD) at The University of Queensland (UQ). Helium,
or skeletal, grain density was measured for samples prior to and post
experimentation using an AccuPyc II 1340 Pycnometer. High pressure
mercury injection capillary pressure (MICP) tests were performed on
the unreacted and reacted offcut core samples using a PoreSizer 9320,
with an associated resolution of b0.1 μL and an accuracy of ±1% of the
maximum penetrometer volume. Whole-rock major-oxide chemistry
was determined by inductively coupled plasma optical emission spec-
trometry (ICP-OES) analysis using lithiummetaborate digestion, includ-
ing loss on ignition (LOI). Detection limits (3σ) for major oxides are
0.001 wt.% for total Fe2O3, K2O, MnO, Na2O and SiO2; 0.002 wt.% for
Al2O3, CaO, MgO and TiO2; and 0.003 wt.% for P2O5.
Element abundances for the ﬂuid extract samples were analysed
using a Perkins Elmer 8300 D.V. ICP-OES at UQ. Pre- and post-reaction
images of the reactant cubes were obtained by scanning electron
microscopy (SEM) ﬁtted with energy-dispersive X-ray spectrometry
(EDS), using a JEOL6460 instrument at UQ, as described in detail in
Dawson et al. (2015–this issue). Auxiliary mineral analyses were per-
formed by electron microprobe at The Australian School of Petroleum,
Adelaide University, to determine speciﬁc mineral chemistries.
Standardisation with international standards was performed, and
Table 1
Summary of experiment and sampling procedure for each Surat Basin batch reactor CO2–
water–rock experiment run.
Experiment
stage
Fluid–gas
phase
Pressure
(bar)
Temperature
(°C)
Efﬂuent
samples
Rock
added
Stage
length
(days)
CO2-clean CO2 + H2O 120 ± 1 60 ± 0.5 0 No 2–5
CO2-blank CO2 + H2O 120 ± 1 60 ± 0.5 1 No 1–2
N2-baseline N2 + H2O 120 ± 1 60 ± 0.5 1 Yes 1–2
CO2-reaction CO2 + H2O 120 ± 1 60 ± 0.5 3–5 Yes ~16
Table 2
Initial reactant masses and approximate dimensions of samples for experimental reaction
with supercritical CO2 and puriﬁed water at simulated Surat Basin reservoir conditions.
Sample Mass (g) Approx.
dimensions
(mm)
A cube A offcut B half-cube A plug
diameter
A plug
length
Hutton 799 m 5.9204 3.0395 2.2725 4 7
Hutton 867 m 5.5312 3.0343 4.2223 3 5
Evergreen 897 m 5.2504 2.822 3.0925 3 5
Evergreen 1138 m 5.3018a 2.4512a 3.068 3 5
Precipice 1129 m 5.6473 2.749 2.621 8 8
a Experiment conducted in 1% KCl solution for run A to preserve sample integrity, and
puriﬁed water for run B to identify geochemical trends in experiment ﬂuids.
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standard deviationswere b0.5% formajor elements and b3% for trace el-
ements. X-ray micro-computed tomography (HeliScan micro-CT) was
undertaken by Lithicon Australia, Canberra.
4.2. Micro-CT and QEMSCAN
3D micro-computed tomography (micro-CT) can be used to non-
destructively image solid objects at the micron scale using X-rays
(Carlson et al., 2003). Tomograms, comprising pixels (2D) or voxels
(3D), portray the relative attenuation of X-rays through the sample,
with voids seen in black, Al-bearing minerals in grey, and Fe-rich min-
erals in bright grey, reﬂecting increasing X-ray opacity (Golab et al.,
2012). This technique allows detailed 3D characterisation and quantiﬁ-
cation of the distribution of X-ray distinct minerals, e.g. framework
grains and matrix clay, and inter- and intra-granular porosity within a
sample plug (e.g. Fig. 3a, b). Pore structure and interconnectivity can
be derived from the 3D map of pore space (Golab et al., 2010), to give
static and dynamic properties.
Prior to reaction, small cylindrical plugs (sub-plugs) of the rock sam-
ples were imaged in 3D at the micron scale by micro-CT. An end was
trimmed off from each plug and a polished section prepared for
higher-resolution 2D SEM imaging, followed by automated quantiﬁed
SEM-EDS mineral mapping (QEMSCAN). The remainder of the sub-
plug was then reacted in the batch reactor at simulated basin condi-
tions, before being re-imaged in 3D bymicro-CT. After reaction, another
polished section of the sub-plug was prepared for SEM and QEMSCAN
mineral mapping. The 3D tomograms were then registered in perfect
geometric alignmentwith the 2D SEM images (Fig. 3c, d), which are ob-
tained from a polished cross-sectional slice of the plug. These nm-scale
SEM images are capable of evaluating submicron features such as pore-
ﬁlling claymaterial with microporosity, acting as an internal calibration
tool for the 3D porosity calculation (Knackstedt et al., 2013). The 3D to-
mogram and 2D SEM images were then registered to the 2D mineral
map from QEMSCAN (Fig. 3d, e), allowing 3D quantiﬁcation of mineral-
ogy (Golab et al., 2013). Finally, the pre- and post-reaction tomograms
were registered to each other in order to map the changes caused by
CO2–water–rock interactions in 3D.
4.3. Geochemical modelling
Mineral reactions can be chemically modelled using kinetic rate
equations to predict dissolution and precipitation processes that may
occur in a solution over time. The reaction rate equation adopted
(Eq. (6)) is a function of mineral reactive surface area, a reaction-rate
constant speciﬁc to the mineral, a factor to account for inhibiting or
catalysing species, and ﬁnally the closeness to saturation, with a chem-
ical afﬁnity factor to account for decreased reaction rates on approach to
equilibrium.
rk ¼ ASkþ∏ j a j
 P j 1−Q
K
 
; ð6Þ
where
rk reaction rate
As mineral surface area
k+ rate constant
aj activity of the catalysing or inhibiting species
Pj power for species j
Q activity product
K equilibrium constant.
Rate constant data are generally reported at 25 °C and must be
recalculated at higher temperatures using Eq. (7).
log kþ ¼ log k25−
Ea
2:3026R
1
T
− 1
298:15
 
; ð7Þ
where
Mineral Name
Quartz
Alkali Feldspar
Plagioclase
Illite/Muscovite
Biotite
Kaolinite
Chlorite
Calcite
Unclassified material ± traces
5 mm
3 mm
a)
Slice 
location
b)
c) d) e)
Fig. 3. The process of digital core analysis: a) photo of sample sub-plug with dimensions, b) vertical slice of 3D tomogram (resolution is 2.2 μm), c) high-resolution registered SEM (200×
zoom), d) corresponding slice of 3D tomogram, and e) registered QEMSCAN mineral map.
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Ea activation energy
R molar gas constant.
Mineral-dissolution rates are also dependent on pH, which is incor-
porated using additional rate constants and activation energies based
on acidic, neutral and basicmechanismsusing themineral-speciﬁc reac-
tion rate scripts (Eq. (8)). Complete details are given in the complimen-
tary study by Pearce et al. (2015–this issue).
k ¼ knu25
−Enua
R
1
T
− 1
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  
þ kH25
−EHa
R
1
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− 1
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 " #
anHH
þ kOH25
−EOHa
R
1
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− 1
T0
 " #
anOHH ð8Þ
where
Ea apparent activation energy
R molar gas constant
T0 reference temperature (298.15 K)
T temperature (in K)
nu neutral mechanism
H acid mechanism
OH base mechanism
a activity of the catalysing species
n power term.
Reactive surface areas were initially assigned using grain-size con-
straints estimated from SEM-EDS and micro-CT, and are detailed in
Table 3. Mineral reactive surface areas were varied for each sample to
achieve a best-ﬁt simulation of measured experiment ﬂuid chemistry.
In particular, reactive surface areas for carbonates, chlorite, annite and
phlogopite were adjusted to account for sample grain size, or to account
for the variations in surface area resulting from factors such as grain
coatings, grain contacts andmorphology (Pearce et al., 2015–this issue).
Mineral precipitation rates are based on Eq. (9), as detailed in Pearce
et al. (2015–this issue).
rP ¼ ASkP
Q
K
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 2
−kNexp −Γ
1
Tð Þ32ln QK
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1
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; ð9Þ
where
kP precipitation rate constant
kN nucleation rate constant (1 mol/s)
Γ pre-exponential factor for nucleation.
Geochemical modelling was undertaken in the Spec 8 and React
modules using the Geochemist's Workbench 9 software package
(Bethke and Yeakel, 2013), with a modiﬁed EQ3/EQ6 thermodynam-
ic database (Delany and Lundeen, 1989), with further details given in
Pearce et al. (2015–this issue). Geochemical reaction modelling re-
quires the use of well-deﬁned stoichiometric mineral phases. Ther-
modynamic data for Fe-rich chlorite (Fe3:Mg1) and ordered
ankerite (Ca1Fe0.7Mg0.3) were calculated using methods of Holland
et al. (1998) and Davidson (1994), and for siderite data using an
ideal-mixing model (Fe0.9Mg0.1) composition. Rate equations and
parameters that were used in kinetic calculations are summarised
in Table 3. Carbon dioxide fugacity (1.1189 mol/kg) was calculated
based on the Duan and Sun (2003) solubility model for the simulated
Surat Basin conditions of 60 °C, 120 bar and 0.001 mol/kg NaCl, to
represent a low-salinity water composition.
Initial system water compositions were based on a combination of
ﬂuid chemistry obtained from the N2-equilibration period (Table 1).
5. Results and discussion
5.1. Reactant sample characterisation
5.1.1. Bulk-rock sample composition
Major-oxide chemistry of the selected Jurassic Surat Basin samples is
presented for each sample in Table 4,with themaximum2σ uncertainty
calculated from duplicate samples.
Major-oxide chemistry (Table 4) of the Surat Basin samples show
a silica-dominated (97.9 wt.% SiO2) composition for one sample
(Precipice Sandstone, 1192 m), with minor contributions from Al2O3,
and to a lesser extent Na2O, and Fe2O3, and trace amounts of P2O5.
Evergreen Formation samples (1138 m and 897 m) have the lowest
SiO2 content and have higher levels of Al2O3, MgO, Na2O and K2O ±
TiO2, P2O5 and Fe2O3 than the other samples. The Hutton Sandstone
samples are quite silica-rich (82 wt.%), and have variable levels of
other components (Al2O3, Fe2O3, MgO, MnO, etc.). The lower Hutton
Sandstone sample (867 m) has the highest Fe2O3 of the experiment
samples (3.9 wt.%). The calcite-cemented upper Hutton Sandstone
sample (799 m) recorded signiﬁcantly higher levels of CaO, and also
had high LOI (8.4 wt.%), consistent with the major presence of carbon-
ate. One of the Evergreen Formation samples also had high LOI
(7.2 wt.%), which reﬂects a high organic matter content.
5.1.2. Geochemical classiﬁcation
Thematurity of sandstones is reﬂected in the SiO2/Al2O3 index, with
high ratios recorded for mineralogically mature (quartzose, rounded)
samples, and low ratios recorded for chemically immature samples
(Potter, 1978). Furthermore, Pettijohn et al. (1987) and Herron (1988)
Table 3
Kinetic parameters used in geochemical modelling, as described in text and in detail by Pearce et al. (this issue).
Mineral K25(acid)
(mol/cm2/s)
Ea(acid)
(kJ/mol)
n K25(neut)
(mol/cm2/s)
Ea(neut)
(kJ/mol)
Asa
(cm2/g)
K(precip)
(mol/cm2/s)
Γ
Quartz 1.70E−17 68.7 1E+04 K(diss) 2E+10
K-feldspar 8.71E−15 51.7 0.5 3.89E−17 38 10 K(diss) 2E+10
Albite 6.92E−15 65 0.457 2.75E−17 69.8 10 K(diss) 2E+10
Kaolinite 4.90E−16 65.9 0.777 6.61E−18 22.2 10 K(diss)/10 2E+10
Illite/muscovite 1.91E−16 46 0.6 8.91E−20 14 70 K(diss) 2E+10
Smectite 1.05E−15 23.6 0.34 1.66E−17 35 150 K(diss) 2E+10
Biotite 1.45E−14 22 0.525 2.82E−17 22 15 K(diss) 2E+10
Fe-chlorite 1.62E−14 25.1 0.49 1.00E−17 94.3 7000 K(diss) 2E+10
Calcite 5.01E−05 14.4 1 1.55E−10 23.5 10 K(diss) 1E+10
Ankerite 1.59E−08 45 0.9 1.26E−13 62.76 10 K(diss)/1e5 3E+10
Siderite 1.59E−08 45 0.9 1.26E−13 62.76 10 K(diss) 2E+10
Fe-oxide 4.07E−14 66.2 1 2.51E−19 66.2 10 K(diss) 1E+10
a Initial surface areas.
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have shown that the Na2O/K2O and Fe2O2/K2O ratios can be used to as-
sist in determining chemical maturity and mineral stability, respective-
ly. By extrapolation, samples with a low SiO2/Al2O3 ratio and a higher
Fe2O3/K2O ratio should be mineralogically less stable and more prone
to reactivity during supercritical CO2 exposure. Using these classiﬁca-
tions, the brother samples to Hutton 799 m and Hutton 867 m both
plot as sublitharenites and litharenites, respectively (Fig. 4a, b). Ever-
green 897 m plots geochemically as a greywacke (Fig. 4a) or a shale
(Fig. 4b), whilst Evergreen 1138 m plots as an arkose or a wacke. Inter-
estingly, in the Pettijohn et al. (1987) classiﬁcation (Fig. 4a), the
Precipice Sandstone 1192 m sample has a Na2O/K2O ratio N5, so plots
off-ﬁeld and closest to the subarkose/sublitharenite border. The classiﬁ-
cation system by Herron (1988) correctly identiﬁes the sample as a
quartz arenite. The third axis from the Herron (1988) scheme, not
shown in Fig. 4b, classiﬁes samples by Ca content by dividing samples
into non-calcareous (Ca b 4%), calcareous (4% b Ca b 15%), and carbon-
ate (Ca N15%) samples. From this, only Hutton 799mwould be correctly
classiﬁed as calcareous, with the remaining samples non-calcareous.
5.1.3. Micro-CT sample characterisation
Pore-scale imaging of the ﬁve sub-plugs by micro-CT with segmen-
tation of X-ray distinct components allowed the characterisation of
μm-scale features, including the 3D occurrence and distribution of
heavy minerals, pores, fractures, cements, clay material and organic
material. A volumetric assessment of X-ray distinct components (e.g.
framework grains, porosity, heavy minerals, etc.) is provided in
Table 5 for each of the sub-plugs prior to reaction; however, ﬁne-
grained pore-ﬁlling materials with sub-resolution porosity (pores
smaller than 1 voxel in size) do not allow the unambiguous assignment
of mineral and porosity phases using X-ray attenuation. Instead, these
micropores are grouped with the associated clay material, weathered
grains and/or diagenetic cements that make up the matrix material
(Knackstedt et al., 2013).
5.1.4. QEMSCAN mineral characterisation
Modal mineralogy was investigated using QEMSCAN technology,
prior to reaction with supercritical CO2, of polished sections of core
sub-plugs (Fig. 5, Table 6). The automated petrographic system com-
prises an SEM integrated with multiple light-element X-ray detectors
and pulse processor technology. Back-scattered electrons (BSE) and en-
ergy dispersive (EDS) X-ray spectra are used to create digital mineral
and textural maps (Golab et al., 2010). For samples with high clay con-
tent, the interaction between the electron beam and the sample surface
extends ~5 μm into the rock sample. As a result, for very ﬁne-grained
material, the energy dispersive X-ray spectra collected for a given
pixel may be a complexmix of multiple minerals, resulting in elemental
concentrations that are “unclassiﬁed”, as they cannot be matched to a
known mineral phase.
Overall, a good correlation is seen between the whole-rock oxide
chemistry (Table 4) and the sub-plug mineralogy determined by
QEMSCAN (Table 6). For example, in general, the silica-dominated
(80–98 wt.% SiO2) bulk-rock samples contain more quartz (57–98%)
than the silica-poor samples (35–38%). Similarly, high Al2O3 (15–
17 wt.%) correlated with high kaolinite content (12–19%) in the
QEMSCAN mineral assays of the sub-plugs, and high Fe2O3 (3–4 wt.%)
content generally corresponded with higher assays of Fe-bearing
mineral (e.g. chlorite, biotite-group minerals, Fe-oxides). In addition,
the calcite-cemented Hutton Sandstone 799 sample recorded both
high CaO in the whole-rock geochemistry (10 wt.%) and high calcite
content (14.6%) in the QEMSCAN.
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Fig. 4.Geochemical classiﬁcation of brother Surat Basin sandstone and siltstone samples to
those selected for reaction with supercritical CO2. Samples labelled (D) represent
duplicate analyses.
a) Modiﬁed from Pettijohn et al. (1987), and b) modiﬁed from Herron (1988).
Table 4
Chemical composition (wt.% oxides) of Jurassic-aged Surat Basin siliclastic samples.
Oxide
(wt.%)
Precipice
1192 m
Evergreen
1138 m
Evergreen
897 m
Hutton
867 m
Hutton
799 m
Maximum 2σ
uncertainty
SiO2 97.9 74.1 66.3 80.2 81.9 4.8
TiO2 0.1 0.6 0.9 0.6 0.1 0.02
Al2O3 1.8 15.1 16.6 10.2 2.3 0.8
Fe2O3 0.1 2.7 3.4 3.9 0.5 0.2
MnO 0.00 0.03 0.05 0.03 0.34 0.05
MgO 0.00 0.76 0.72 0.43 0.04 0.03
CaO 0.0 1.0 0.2 0.1 10 0.2
Total Ca 0.0 0.7 0.1 0.0 7.0
Na2O 0.1 1.3 1.7 0.8 0.3 0.7
K2O 0.0 2.8 2.6 1.1 0.3 1.1
P2O5 0.02 0.11 0.07 0.06 0.03 0.01
LOI 0.8 3.1 ± 2.5a 7.2 3.2 8.4
Total 100.8 100.7 99.8 100.5 104.0
a Theoretical LOI calculated from total major oxides, with associated calculation error.
Table 5
Resolved mineral and porosity components from 3D tomogram segmentation of the sub-
plugs prior to CO2–water–rock reactions (vol.%).
Component Precipice
Sandstone
Evergreen
Formation
Evergreen
Formation
Hutton
Sandstone
Hutton
Sandstone
1192 m 1138 m 897 m 867 m 799 m
Grain components
Framework grains 78.0 34.4 18.9 59.4 76.3
Matrix material – 60.4 77.2 – –
Clay, mica, weathered
feldspar content
7.7 – – 35.8 5.6
Calcite cement – – – – 17.0
Heavy minerals 0.2 4.9 1.9 2.9 b0.1
Porosity components
Resolved porosity 18.0 – – 1.9 1.1
Resolvable porosity ±
organic contenta
– 0.2 2.0 – –
a Resolvable porosity, including possible organic content. Resolved porosity indicates pores
larger than 1 voxel (3D pixel) in size.
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5.1.5. Chemical composition of selected minerals
Selected minerals from the rock samples were analysed by electron
microprobe to determine chemical compositions (Table 7).
5.2. Fluid geochemistry
Incremental ﬂuid samples obtained during batch reaction of
rock samples with puriﬁed water and supercritical CO2 at 12 MPa and
60 °C were measured for pH and ﬂuid composition to infer CO2–
water–rock interactions using changes in analyte concentrations. Efﬂu-
ent ﬂuids were measured by ICP-OES during both the A and B experi-
ment runs.
5.2.1. pH evolution
Fluids extracted prior to the addition of rock samples generally have
lower pH (~4) than those extracted following the addition of the sample
and N2 (6–6.5), and following the re-introduction of CO2 (4–6.6) after
time t = 0 (Fig. 6). Due to expected partial CO2 degassing during efﬂu-
ent extraction and pH measurement, reported values represent pH
maxima and are not representative of in situ experiment ﬂuid pH. The
introduction of the rock sample during the N2 soak rapidly buffered
pH to ~6.5 for all samples, which is the also initial pH of the puriﬁed
water used in the experiments. Generally, following the introduction
of CO2 in the experiment, the pH of most water samples initially
dropped, before increasing with time. Samples from the carbonate-
rich interval, Hutton 799m, buffered the efﬂuent samples to the highest
Mineral Name
Quartz
Alkali Feldspar
Plagioclase
Illite/Muscovite
Biotite
Kaolinite
Chlorite
Calcite
Unclassified material ± traces
a) b) c)
d) e)
Fig. 5. QEMSCAN mineral assays of polished sections from plugs prior to CO2–water–rock reactions: a) Hutton 799 m, b) Hutton 867 m, c) Evergreen 897 m, d) Evergreen 1138 m, and
e) Precipice 1192 m.
Table 6
Mineral assays (area %) of ﬁve Surat Basin samples derived from registered QEMSCAN microanalysis of polished sections from sub-plugs prior to CO2–water–rock reactions.
Mineral Precipice Sandstone
1192 m
Evergreen Formation
1138 m
Evergreen Formation
897 m
Hutton Sandstone
867 m
Hutton Sandstone
799 m
Quartz 97.8 35.7 39.7 56.6 78.1
Alkali feldspar b0.1 26.5 5.7 7.2 1.1
Plagioclase b0.1 7.8 9.3 6.4 2.2
Muscovite/illite b0.1 1.8 10.0 6.0 0.2
Biotite 0.0 0.4 1.1 0.5 b0.1
Kaolinite 1.3 12.4 19.2 6.9 2.5
Chlorite b0.1 3.1 3.8 8.3 0.3
Glauconite 0.0 b0.1 0.1 0.2 b0.1
Smectite 0.0 0.4 b0.1 0.0 0.0
Calcite 0.0 0.2 0.0 0.0 14.6
Siderite 0.0 0.0 b0.1 b0.1 0.0
Apatite 0.0 b0.1 b0.1 b0.1 0.0
Rutile 0.0 b0.1 0.2 0.2 0.0
Pyrite 0.0 b0.1 0.0 0.0 0.0
Fe-oxides 0.0 0.0 0.2 0.1 0.0
Zircon b0.1 b0.1 b0.1 0.0 0.0
Unresolvable material +∑trace minerals 0.8 11.4 10.6 7.6 1.0
Resolved porosity 18.4 0.2a 2.0a 1.9 1.1
a Resolvable porosity with possible organic content.
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pH maxima during the CO2 reaction stage (6–7). The pH of water sam-
ples from reactionswith quartzose rock samples (e.g. Precipice 1192m)
does not appear to recover beyond a maximum of pH ~ 5 during CO2
exposure, indicating experiment ﬂuids were not buffered as effectively
as with the carbonate-rich samples.
5.2.2. Measured chemical behaviour during reaction with CO2 and water
Although reliable in situwater chemistries in the study area have not
been produced, our N2-equilibrated water chemistries are generally
consistent with the general basin chemistry values for each formation
reported by Hodginkson et al. (2009), with the exception that Na and
Mg are generally an order of magnitude lower in our experiments
(see Supplementary material Tables A and B for complete A- and B-
run ﬂuid chemistry). Following CO2–water–rock reaction but prior to
depressurisation (t = 16 days), the majority of measured major, minor
and trace elements showed an overall increase in concentration over
time with respect to initial N2 baseline (t = 0) conditions (Table 1) dur-
ing both experimental runs, indicating element mobilisation from disso-
lution or desorption of material into the ﬂuid phase. An initial rapid
increase in concentration is observed for someelements during exposure
to supercritical CO2, suggesting an initial period of rapid dissolution and/
or desorption of material during this time (Fig. 7). Rapid increases in the
early stages of the experiment suggest fast release mechanisms, such as
desorption, ion exchange on mineral surfaces, or exhaustive dissolution
of ﬁnite amounts of trace minerals or very ﬁne-grained minerals
(Trautz et al., 2013). Rapid increases in cations in the early stages of
the experiment may be partly attributed to acid-induced dissolution of
colloidal metal hydroxides or ﬁne clay particles when CO2 is introduced
into the system. Similarly, as aliquot samples are acidiﬁed prior to chem-
ical analysis, the dissolution of these metal colloids or ﬁne clay particles
due to sampling acidiﬁcation may mean measured trace metal concen-
trations are elevated in comparison to experiment waters (Lico et al.,
1982). Subsequent plateauing in concentrations of elements in some
samples is taken to represent the experiment ﬂuids reaching an
analyte-saturated state. However, plateauing of elements could also
occur as the result of exhaustive reaction of minerals present in trace
amounts, which would result in the same behaviour if completely dis-
solved within the ﬁrst few days of exposure to CO2. Small decreases in
concentration observed for some major and minor elements may sug-
gest the initial onset of mineral precipitation in some samples; however,
this was not directly observed in optical petrography.
Fig. 7 shows the evolution of selected major and selected minor
elements over the duration of the A- and B-run experiments. Similar
behaviour was observed during the A and B experiment runs for each
sample, with the A-run experiments generally having higher concentra-
tions of elements in solution, likely reﬂecting the increased initial rock
mass and higher total exposed surface area of run A.
Major to minor elements that were largely preferentially mobilised
during reaction of samples with supercritical CO2 and water were Ca,
Fe, Na and Si, and to a lesser extent also Mn, Mg, Sr, K, S ± Al. Relative
measured dissolved ion concentrations were generally higher in the
Hutton Sandstone and Evergreen Formation samples than in the Preci-
pice Sandstone sample, with the Precipice sample mobilising consider-
ably less dissolved Ca, Fe, K, Mg, Mn and Si. For the Hutton Sandstone
samples, signiﬁcantly higher concentrations of Ca, Mn and S are ob-
served in Hutton 799 m ﬂuid samples in comparison to the lower
Hutton Sandstone (867m). In comparison, Hutton 867m shows elevat-
ed Al, K, Fe, Mg and Si at cessation of the experiment.
Following reaction with supercritical CO2 and water at 12 MPa and
60 °C, trends in the relative increase in concentration over time are
observed for analysedmajor andminor elements and trace to minor el-
ements (Fig. 7), indicating potential dissolution or desorption of min-
erals to increase dissolved ion concentrations with decreasing pH.
Several elements exhibit similar trends in changing concentrations, po-
tentially indicating similar mineral sources or processes. Three general
trends are identiﬁed: type I behaviour shows an initial rapid increase
Table 7
Microprobe compositions for selected minerals in Surat Basin samples.
Mineral Composition (%)
Na2O CaO K2O Al2O3 SiO2 FeO MnO MgO SrO TiO2 Total
Hutton Sandstone 799 m
Calcite 58.4 0.02 0.02 0.86 1.61 0.12 0.12 61.1
Kaolin 0.01 0.14 0.04 32.8 40.2 0.01 0.01 73.2
Orthoclase 1.04 15.6 17.2 60.8 0.02 94.7
Quartz 0.00 0.38 0.00 0.02 95.4 0.02 0.01 95.8
Chlorite 0.16 0.10 0.55 18.9 25.8 33.4 0.31 4.05 0.19 0.63 84.1
Illite 0.67 0.02 5.75 17.9 50.3 11.8 0.04 1.82 0.27 0.24 88.8
Hutton Sandstone 867 m
Kaolin 0.12 0.16 0.03 37.9 45.5 0.14 0.03 0.03 84.0
Muscovite 0.46 9.31 30.5 42.2 3.59 0.03 0.69 0.57 87.4
Orthoclase 0.67 15.9 17.8 64.6 0.13 0.01 0.01 99.1
Quartz 0.41 0.01 102 0.02 0.02 0.01 0.01 102
Ilmenite 0.01 0.08 0.17 33.0 0.73 0.59 0.15 54.7 89.4
Evergreen Formation 897 m
Quartz 0.35 0.01 99.8 0.02 0.01 0.02 100
Illite 0.13 6.73 28.7 51.2 3.09 0.04 2.44 0.07 0.10 92.5
Kaolin 0.14 0.20 0.12 36.9 49.1 2.24 0.02 0.35 0.16 0.02 89.3
Orthoclase 0.61 16.3 18.6 65.7 0.02 0.02 0.02 101
Quartz 0.08 0.20 0.43 3.33 88.4 1.07 93.5
Evergreen Formation 1138 ma
Chlorite 0.42 0.06 1.34 20.6 30.2 20.8 0.12 5.73 3.94 0.10 83.3
Muscovite 1.61 0.00 10.4 25.9 42.9 0.60 0.22 0.18 0.49 82.3
Orthoclase 0.03 13.6 15.3 57.1 0.02 0.01 86.1
Quartz 0.35 0.01 0.05 98.3 0.01 0.01 0.02 98.7
Chlorite 2.20 0.12 0.06 33.1 33.7 14.0 0.19 0.65 0.22 0.31 84.5
Precipice Sandstone 1192 m
Kaolin 0.12 0.13 0.04 36.3 45.5 0.13 0.01 0.10 1.59 83.9
Quartz 0.01 0.37 0.01 101 101
a Carbonate also identiﬁed.
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in concentration over the ﬁrst 1–2 days of reaction, prior to plateauing
in a more gradual increase to slight decline. A marked example of this
behaviour is seen for Ca, Mn, Sr and S (Fig. 8) during the A and B runs
of Hutton Sandstone 799 m. Type II trends exhibit a more linear con-
centration increase, and are exempliﬁed in Fig. 9 in the behaviour of Si
(a), Fe (b),Mg (c) and Co (g) formost samples. Finally, elements that re-
main stable or decrease from their baseline concentrations constitute
type III behaviour, as seen in for Na, K ± Al for the majority of samples
(Fig. 9d–f). These trends are similar to those observed in low-salinity
batch experiments conducted at near-atmospheric pressure (e.g.
Smyth et al., 2009; Lu et al., 2010; Humez et al., 2013). The low-
pressure studies also identiﬁed similar evolutions in element concentra-
tions, with a rapid increase in concentration with subsequent
stabilisation identiﬁed as type I (Smyth et al., 2009; Lu et al., 2010;
Humez et al., 2013), and little to no variation following CO2 exposure
as type III (Humez et al., 2013). In contrast, the existing low-pressure
studies deﬁned type II elements as showing a decrease in concentration
to lower than pre-CO2 levels (either with or without an initial increase),
rather than the linear increase observed in this study.
5.2.3. Hutton Sandstone 799 m
Hutton 799 m recorded signiﬁcant levels of Ca (up to 600 mg/kg in
run A) released into experiment ﬂuids at the end of the experiment,
2–3 times as much as the nearest ﬂuid sample. The rapid increase in
Ca2+ content measured in Hutton 799 m reaction ﬂuids during the
ﬁrst two days of CO2 exposure is associated with the fast dissolution of
minerals, in particular carbonates, during the early stages of the exper-
iment (Fig. 8a). This increase in Ca content is closely associated with
a proportional increase in relative concentrations of Mn, Sr, and S
(Fig. 8b–d) following a type-1 dissolution trend, indicating contribution
of these elements by the same carbonate source. The Ca, Fe andMg con-
tent is predominantly attributed to the dissolution of calcite, which
commonly contains Mn and Fe, with lesser Mg (Fig. 11a, c, Table 7),
which is in part supported by the low increase in Si content measured
in water chemistry. However, the exhaustive dissolution of trace min-
erals, desorption, or ion exchange with surface minerals with decreas-
ing pH in this and other samples may also help explain the similar
trends observed in some elements (e.g. among Ca, Sr, Mn, and S).
Where Ca content is observed to plateau in experiment reaction ﬂuids,
buffering of pH by the dissolution and potential (re)precipitation of
calcite is indicated. Scanning electron microscopy conducted pre- and
post-experiment conﬁrm extensive dissolution of carbonate in the
calcite-cemented sample, to leave open porosity (Fig. 11a, b).
Dissolution of cement within the sample was also observed in the
difference between micro-CT 3D imaging of the sample pre- and post-
exposure to CO2 (see Supplementary content video). By registering
the 3D tomograms and ﬁnding the difference by subtracting the un-
changedmaterial, a 3Dmap of loss or gain can be derived (Fig. 10). Dis-
solution occurred preferentially at the rock–ﬂuid interface, at the
surface of the sample, along grain faces, cleavages and on cement
boundaries, to a total volumetric loss of ~2% original calcite content.
Sulphur, observed inﬂuid samples in concentrations up to 12 mg/kg,
also tracks the dissolution pattern of Ca, Mn, Fe, Mg and Sr, suggesting a
potential magmatic component to the CO2 accumulation source that re-
sulted in the carbonate cement.
The comparatively low contribution of othermajor elements (e.g. Fe,
Si, Al and K) is likely to result from a combination of the preferential dis-
solution and the higher proportion of carbonate in the sample when
compared with other reactive minerals phases. Potential buffering of
pH by carbonate dissolution after the initial rapid increase in dissolved
ion concentrations could lead to higher alkalinity, which will reduce
the reaction rate substantially by raising the pH.
5.2.4. Hutton Sandstone 867 m
Sampling during CO2–water–rock experiments with sample Hutton
867 m revealed a more gradual increase in water composition compo-
nents than in Hutton 799 m, and resulted in a substantially higher con-
tent of Fe and Si than from Hutton 799 m following reaction with CO2
and water (Fig. 9a, b). The high SiO2 and Fe, in addition to the consider-
ably lower Ca content, provide evidence for silicate mineral dissolution
being the primary source for major andminor element increases, rather
than a carbonate source. Fe-chlorite, or iron-rich chloritic clays ofmixed
composition, comprises a major component of the sample (Fig. 11d).
Following reaction in these samples, Fe, Ca and Mg are identiﬁed in
SEM-EDS as being leached from these clay mixtures. In the 3D micro-
CT difference tomograms, obtained by subtracting pre-reaction from
post-reaction 3D tomograms, this is observed through loss of X-ray ab-
sorbingmaterial. This results in a reduction in the density of the Fe-rich
chloritic material through the dissolution ± desorption of Fe, but no
volumetric loss. In both SEM-EDS and micro-CT, the chloritic clays are
observed to partially collapse, but not entirely dissolve (Fig. 11e), sug-
gesting preferential dissolution of Fe with the preservation of at least
some of the mineral structure. Minor etching is tentatively identiﬁed
on some diagenetically pre-altered K-feldspar grains (Fig. 11f).
Silica is not directly observed to decrease in the chloritic-clay follow-
ing leaching of Fe using semi-quantitative EDS spectra; however, this
may be an artefact of apparent relative enrichment of Si following the
leaching of Fe from the mineral structure. The Fe-rich mixed clays also
commonly contain small proportions of Fe-rich carbonates, including
Mg–Mn-bearing, Ca-poor siderite, and less commonly phosphatic or
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Fig. 7. Aqueous cation concentrations in efﬂuent ﬂuids prior to and during CO2–water–rock reactions for A- and B-run samples: a) Hutton 799 m, b) Hutton 867 m, c) Evergreen 897 m,
d) Evergreen 1138m, and e) Precipice 1192m. Rock sample added to puriﬁedwaterwith N2 at t=−1. CO2 introduced at t=0. Symbol size≥ associated 5% error; connecting lines are for
illustrative purposes only.
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sulphurous phases that contain a spectrum of trace elements. The par-
tial dissolution of these trace mineral phases is expected to account
for at least part of the minor Co, Ni, Cr, Cu and Zn observed in the ﬂuid
chemistry. Some additional contribution to these trace metals from de-
sorption, dissolution of colloids and/or metal exchange with mineral
surfaces is also expected, but these processes are difﬁcult to identify,
and as such not directly observed in the samples. Dissolved Zn concen-
tration, which is ﬁve-times higher than in Hutton 799 m, is likely to be
attributed to sphalerite alteration.
5.2.5. Evergreen Formation 897 m
Fluid chemistry of the Evergreen Formation sample from ~897m re-
veals substantial Na, Si and Fe, andminor Ca and K dissolved in reactant
ﬂuids (Fig. 9). In general, the Evergreen Formation contains higher-
salinity pore ﬂuids than the other two units (Hodginkson et al., 2009),
which is likely to be particularly true in ﬁner-grained, low permeability
horizons. As such, increasingNa (up to 90 mg/kg), and to a lesser extent
K, could be accounted for by the mixing of Na-rich pore ﬂuids during
reaction, in addition to any potential contribution from alteration of
Fig. 8. Aqueous concentration vs. time before and during CO2–water–rock reaction experiments at simulated basin conditions: a) Ca, b) Mn, c) Sr and d) S. Rock sample added to puriﬁed
water with N2 at t =−1. CO2 introduced at t = 0. Error bars are 5%. Connecting lines are for illustrative purposes only.
Fig. 9. Aqueous concentration vs. time before and during CO2–water–rock reaction experiments at simulated basin conditions: a) Si, b) Fe, c) Mg, d) Al, e) K, f) Na, g) Co, and h) Zn. Rock
sample added to puriﬁed water with N2 at t =−1. CO2 introduced at t = 0. Error bars are 5%. Connecting lines are for illustrative purposes only.
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Na-bearing mineral phases. The poor porosity and ﬁne grainsize could
slow mixed-ﬂuid (CO2 and water) access to the pores, resulting in an
ongoing increase in Na after the N2-equilibration stage.
Increases in Si and Fe (Fig. 9a, b) are at least partly attributed to the
desorption and dissolution of Fe-chloritic claymaterials, as discussed for
Hutton 867m,with contributions to Fe also likely from annite, smectite
and siderite, in addition to any contributions from dissolution of trace
minerals or colloids. The linear, type II behaviour of Fe, Si, Mg and K all
indicate progressive dissolution and/or desorption. Although Evergreen
897mcontains a higher proportion of annite and siderite than inHutton
867 m, it contains considerably less chloritic material, so overall less Fe
is dissolved in the Evergreen 897m experiments. In particular, siderite-
and chlorite-altered biotite are expected to contribute Fewhen exposed
to CO2–water during reaction. Elevated Mg concentration with respect
to the other samples also indicates alteration of phlogopite, chlorite
and carbonates. Fresh, coarse ﬂakes of biotite-group minerals, and
even chlorite, observed in SEM appear relatively unaffected following
CO2–water reaction. For example, the coarse-grainedMg-bearing annite
(Fig. 12a, b), and the Fe-chlorite (Fig. 12c, d) show little textural change
following CO2 exposure. In comparison, minerals that were ﬁne-
grained, or had previously been partially clay-altered prior to experi-
mentation, generally showed more evidence of reaction (Fig. 12a–d).
This suggests pre-alteration may make minerals more susceptible to
dissolution and further alteration during CO2–water interactions, as
noted by Beig and Lüttge (2006).
Remarkably, only a very minor Ca change (Fig. 8a) is observed, on
par with those of the Precipice Sandstone sample, which contains
negligible carbonate and minor plagioclase feldspar.
5.2.6. Evergreen Formation 1138 m
Following CO2–water–rock reactions at simulated Surat Basin condi-
tions for 16 days, reaction ﬂuids from Evergreen Formation sample
1138 m show a relatively high Ca content (Fig. 8a). Interestingly, al-
though the initial CaO content in Hutton 799m is an order ofmagnitude
higher than Evergreen 1138m (10wt.% vs. 1wt.% respectively, Table 4),
and the calcite content in the Hutton 799 m sample is considerably
higher (14.6 area % vs. 0.2 area %, Table 6), this ratio was not
maintained during dissolution of Ca into the ﬂuid phase. The total
dissolved Ca from the calcite-cemented sample from 799 m is less
than three times that in the ﬁne-grained 1138 m. Whilst contribu-
tion from dissolution of trace minerals or from desorption or metal
exchange with clays could increase Ca content, this disparity is likely
at least partly attributed to themorphology of the sourceminerals, as
the very ﬁne-grained minerals in the sample from 1138 m may have
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Fig. 11. SEM-EDS photomicrographs and spot analyses of Hutton Sandstone samples: Hutton 799m a) calcite-cemented pre-CO2, b) post-CO2, and c) pre-CO2 calcite spot analysis; Hutton
867 m d) pre-CO2, e) Fe-chlorite post-CO2, without carbonate, and f) K-feldspar post-CO2. Q = quartz, Po= porosity, Ca= calcite, F = feldspar, Ka= kaolinite, Chl = chlorite, Smec=
smectite, Kf = K-feldspar, An = annite, Ti = TiO2.
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Fig. 10. 3D visualisation of Hutton Sandstone 799 m sub-plug from registered 3D tomograms, with arrows at points of interest: a) before CO2 reaction, b) after CO2 reaction, and c) the
difference, or reacted material. Total calcite content of the subplug decreases from 17 vol.% to ~15 vol.% post-CO2, for a total porosity increase of ~1 vol.%.
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a comparatively larger surface area to allow proportionally more of
the mineral to be reacted than the coarse-grained calcite cement in
799 m. In addition, differences in the pH of reaction ﬂuids between
the two samples could feasibly result in a difference in calcite solu-
bility, with a higher pH from calcite buffering potentially leading to
lower dissolution rates.
Si, Fe, Mg and K tend to follow a type II trend, indicating a silicate
mineral source. The type I behaviour that Ca tends to follow when
sourced from a carbonate is not as obvious in the sample, despite ob-
served contribution by carbonate minerals (Fig. 13). Low permeability
and high compaction of the sample could result in a more linear disso-
lution trend of ﬁne-grained carbonates by retarding ﬂuid-ﬂow, and
slowing the initial rapid reactions that occur in type I trends. Remark-
ably, despite the ﬁne grainsize and very low initial porosity of the sam-
ple (Fig. 5e), evidence of CO2 ﬂuid interactions penetrating to the centre
of the plug samplewas observed inmicro-CT, increasing the total poros-
ity of the plug from 0.2 vol.% to 1.0 vol.% following CO2 reaction.
5.2.7. Precipice Sandstone 1192 m
During reactionwith supercritical CO2 and puriﬁedwater at simulat-
ed Surat Basin conditions, experimentwater chemistries showedminor
to negligible changes when compared to the other Chinchilla 4 samples
(Fig. 7e). The lack of elementmobilisation into the reactionwater is con-
sistent with a very clean, poorly-reactive mineralogy, and very high
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initial quartz. The very low initial levels of Ca, Fe, Mg, Mn, K and Na con-
taining minerals observed in SEM-EDS (Fig. 14) and micro-CT are
reﬂected in the ﬂuid chemistry, which shows only very small amounts
of these elements mobilised into reactionwaters. These results are con-
sistent with the registered digital core analysis, which reported no
discernable changes to mineralogy in the Precipice 1192 m sample
following reaction with supercritical CO2. Small increases in Fe and Si
content and trace increases in Al are interpreted to reﬂect partial disso-
lution of minor phases such as Fe-rich chlorite and relict feldspars. The
dissolved Al and Si observed in experiment ﬂuid samples could be
mobilised from amorphous phases such as colloidal silica and non-
crystalline aluminosilicates of kaolinitic composition. Similarly, the
minor to trace amounts of minerals such as smectite and/or vermiculite,
and the clay alteration products of ex-feldspars and otherminerals could
potentially contribute to the observed Si and Al. Dissolved Cu and Zn
concentrations may be derived from small reactive crystals of chalcopy-
rite and sphalerite, respectively, as these were observed in SEM
(Fig. 14a); however, the dissolution trends for these elements do not
track S aswould be expected if theseminerals were the sole source, sug-
gesting a minor contribution from additional sources. Carbonates were
not recognised in the petrography of the sample, which is reﬂected in
the low levels of Ca, Mn, and Mg measured in the reactant ﬂuid.
5.3. Reacted sample characterisation
5.3.1. Measured rock properties post-reaction
Following reaction with supercritical CO2 and puriﬁed water at sim-
ulated Surat Basin reservoir conditions for 16 days, changes in mass
(m) of the ﬁve core rock samples were observed (Table 8). Masses of
all samples decreased after reaction with puriﬁed water and CO2, sug-
gesting dissolution and/or removal of material during experimentation.
The quartz-dominated Precipice Sandstone sample (1192 m) had the
smallest mass decrease (~0.3% of the initial CO2-unreacted mass),
with the Hutton Sandstone sample from 867 m showing a similarly
small change inmass (~0.5%). The calcite-richHutton Sandstone sample
(799m) recorded the greatest change in mass, with a ~3.9% decrease in
initial mass. Both Evergreen Formation samples, from 1138 m and
897m, also recorded relative decreases (~2.4%) in their initial recorded
masses (Table 8).
Helium-derived skeletal densities (pHe) measured pre- and post-
reaction with supercritical CO2 and puriﬁed water are reported in
Table 8. Interestingly, slight increases in skeletal or matrix density
are observed for the two Evergreen Formation samples. By contrast,
the remaining samples all experienced minor decreases in helium
density.
Mercury injection results of brother or sister samples taken before
and after reaction with CO2 were mixed. Initial porosity results show
Precipice 1192 m to be the most porous (15.2%), followed by Hutton
799m (10.1%), with the Evergreen 897m sample having the lowest ini-
tial porosity (6.1%). Whilst these results seem reasonable, the changes
in porosity following reaction are suspect, as the calcite-cemented
Hutton 799m shows a decrease (10.1% to 8.4%) in porosity following re-
action andHutton 867m shows an increase of 4%. This seemsunrealistic
when consideringmicro-CT, SEM and ﬂuid chemistry observations, and
is likely to be an artefact of heterogeneity in sampling. The destructive
nature of the technique necessitates the use of brother or sister samples,
which may have substantial variations in porosity due to the hetero-
geneous nature of the samples.
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Fig. 13. SEM-EDS micrographs and spot analyses for Evergreen 1138 m: a) pre-CO2 reaction, and b) post-CO2 reaction. Although texture commonly appears preserved after reaction,
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5.3.2. Micro-CT and QEMSCAN post-reaction
Imaging bymicro-CT before and after reactionwith CO2 and puriﬁed
water allowed for the segmentation and 3D qualiﬁcation of X-ray dis-
tinct phases in the 3D tomograms taken pre- and post-reaction. A sum-
mary of resolved mineralogy prior to and following reaction with
supercritical CO2 at simulated reservoir conditions for each sub-plug
sample, as measured by QEMSCAN, is provided in Table 9. These data
were obtained using QEMSCAN imaging of a 2D slice through the sub-
plug, and as such are reported in area %. The polished sections from
the sub-plugs pre- and post-reactionwere located as close to one anoth-
er as possible, down the length of the sub-plug, to minimise the impact
of vertical heterogeneity. Conversely, 3D mineral and porosity compo-
nents for the same sub-plugs imaged by micro-CT pre- and post-
reactionwith CO2 and freshwater under simulated reservoir conditions
are reported in Table 10. These data are obtained using 3D tomogram
segmentation, and as such are reported in vol.%.
5.4. Numerical modelling
Kinetic geochemical modelling of sampled ﬂuids obtained during
the CO2–water–rock experiments was conducted for the following
selected aqueous major elements: SiO2, Fe, Mg, Ca, Al, K ± Na. Initial
rock mineralogies are constrained by QEMSCAN, XRD and SEM-EDS,
and are provided in Table 11. The interaction of very trace labile min-
erals and/or metal colloids with CO2 and water is also expected to con-
tribute to the observed aqueous trends; however, due to the difﬁculty of
accurately identifying composition and quantity of materials that are
below sample characterisation detection limits, these phases were
Table 8
Changes in mass and skeletal (helium) density in rock offcuts following reaction with supercritical CO2 and puriﬁed water at simulated Surat Basin reservoir conditions.
Precipice Ss 1192 m Evergreen Fm 1138 m Evergreen Fm 898 m Hutton Ss 868 m Hutton Ss 799 m
Sample mass (m)
m pre-CO2 (g) 3.012 3.068 2.819 4.222 2.273
m post-CO2 (g) 3.004 2.994 2.753 4.200 2.184
Δm after CO2 reaction (g) −0.009 −0.07 −0.07 −0.02 −0.09
Helium density (pHe)
pHe pre-CO2 (g/cm3)a 2.667 (0.005) 2.583 (0.004) 2.543 (0.008) 2.81 (0.01) 2.700 (0.006)
pHe post-CO2 (g/cm3)a 2.611 (0.003) 2.597 (0.007) 2.573 (0.008) 2.649 (0.004) 2.624 (0.009)
Δ pHe after CO2 reaction (g/cm3) −0.06 0.01 0.03 −0.17 −0.08
Apparent skeletal (mercury) density (ρHg)
ρHg pre-CO2 2.61 2.54 2.58 2.10 2.30
ρHg post-CO2 2.78 2.62 2.57 2.27 2.10
ΔρHg after CO2 reaction (cm3) 0.2 0.1 0.0 0.2 −0.2
Mercury porosity (Φ)
Φ pre-CO2 (%) 15.2 8.8 6.1 7.9 10.1
Φ post-CO2 (%) 14.9 9.3 6.8 11.9 8.4
ΔΦ after CO2 reaction (cm3) −0.4 0.6 0.7 4.0 −1.7
a Standard deviations shown in parentheses.
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excluded from kinetic modelling. Initial input water compositions were
based onmeasured reaction ﬂuids obtained after theN2-soaking period,
which attempted to equilibrate puriﬁed water with the rock samples to
provide representative system water chemistries. Kinetic reaction
modelling successfully reproduced the general trends observed in aque-
ous geochemistry for the investigated major elements (Fig. 15).
5.4.1. Hutton Sandstone 799 m
Predicted ﬂuid evolution for calcite-cemented Hutton Sandstone
799 m sample shows very high levels of Ca2+ in solution, with lesser
Fe2+, SiO2(aq), Mg2+, and minimal K+ and Al3+. Kinetic modelling of
a single dissolution phase with given mineral surface areas gave a
reasonably satisfactory result (Fig. 15a, b); however, an initial rapid
increase is observed in the ﬁrst two days of reaction, followed by a
plateauing during the remainder of the experiment, which is not
accounted for. This two-stage dissolution is consistent with the
previously-described type I behaviour,whichwas reproduced inmodel-
ling by using a higher surface area (SA) for days 0–2 and a lower SA for
days 2–16, with the output of the water chemistry from days 0–2 used
as a starting chemistry for days 2–16. Whilst this increase in SA was ar-
tiﬁcially applied during this modelling exercise, this provides some in-
sight into the possible release mechanisms of the system, as when the
sample chemistry is modelled using a two-stage type I behaviour, the
predicted chemistry successfully follows the measured experiment
ﬂuids with an even closer ﬁt (Fig. 15c, d). The indicated initial rapid dis-
solution could be a combination of the result of an initial rapid exposure
of mineral surfaces to the CO2 front on the subsample surface and via
macroporosity, the preferential dissolution of ﬁne-grained carbonates,
and the exhaustive dissolution of easily-accessible, ﬁne-grainedmateri-
al or trace mineral phases during reaction with CO2. Limited contribu-
tion by silicate minerals is predicted, with the dissolution of calcite
(Fig. 16a) swamping other minerals (Fig. 16b). This is also reﬂected in
the measured chemistry, and is observed in SEM-EDS and QEMSCAN.
Interestingly, despite ﬂuid concentrations of calcite-sourced elements
(Ca,Mn, Fe) plateauing, whichwould indicate the ﬂuid is reaching a sat-
urated state with respect to these elements, kinetic modelling does not
predict the precipitation of calcite over the course of the experiment, in-
dicating that pH buffering may limit calcite reaction rates.
Kinetic modelling indicates the onset of minor kaolinite precipita-
tion towards the end of the experiment of all samples except Precipice
1192 m. The ubiquitous nature of kaolinite in all samples pre-reaction
makes directly observing precipitation of kaolin in SEM a perilous
task. QEMSCAN indicates an increase in kaolin content after CO2 reac-
tion (Table 9), suggesting the onset of kaolinite precipitation during
the experiments is plausible. In Hutton 799 m, as in most samples, pre-
dicted andmeasured Na remained relatively unchanged throughout the
experiment.
5.4.2. Hutton Sandstone 867 m
Both predicted andmeasured chemistry of theHutton 867mCO2 re-
actions reveal the greatest increase in Fe and Si in experiment ﬂuids,
with lesser Ca, Mg and K, and negligible Al (Fig. 15e). The contribution
by Si, Fe, andMg is largely assigned to the dissolution of Fe-rich chlorite,
with minor Ca attributed to trace amounts of carbonate, largely
contained within the chlorite (Fig. 11d). This is seen in the predicted
mineral mass changes, where leaching of Fe-chlorite is predicted to be
Table 9
Resolved summary mineralogy from QEMSCAN of a polished section through the sub-plug before and after reaction with supercritical CO2 (area %).
Mineral Precipice 1192 m Evergreen 1138 m Evergreen 897 m Hutton 867 m Hutton 799 m
Before After Before After Before After Before After Before After
Quartz 97.8 98.0 35.7 45.2 39.7 39.8 56.6 58.9 78.1 74.2
Alkali feldspar b0.1 0.0 26.5 20.8 5.7 6.4 7.2 6.3 1.1 3.1
Plagioclase b0.1 b0.1 7.8 5.6 9.3 8.4 6.4 6.4 2.2 1.6
Muscovite/illite b0.1 0.4 1.8 1.1 10.0 10.6 6.0 2.9 0.2 0.2
Biotite 0.0 0.0 0.4 0.5 1.1 1.8 0.5 0.3 b0.1 b0.1
Kaolinite 1.3 1.4 12.4 10.5 19.2 20.4 6.9 10.7 2.5 3.6
Chlorite b0.1 b0.1 3.1 3.3 3.8 3.2 8.3 8.5 0.3 0.2
Glauconite 0.0 0.0 b0.1 0.1 0.1 0.2 0.2 b0.1 b0.1 b0.1
Smectite 0.0 0.0 0.4 b0.1 b0.1 b0.1 0.0 b0.1 0.0 0.0
Calcite 0.0 0.0 0.2 0.0 0.0 0.0 0.0 b0.1 14.6 13.2
Siderite 0.0 0.0 0.0 0.0 b0.1 0.0 b0.1 0.0 0.0 0.0
Apatite 0.0 0.0 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 0.0 0.0
Rutile 0.0 0.0 b0.1 b0.1 0.2 0.1 0.2 b0.1 0.0 b0.1
Pyrite 0.0 0.0 b0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fe-oxides 0.0 0.0 0.0 0.0 0.2 0.2 0.1 b0.1 0.0 0.0
Zircon b0.1 0.0 b0.1 0.0 b0.1 b0.1 0.0 0.0 0.0 0.0
Unclassiﬁed material +∑trace minerals 0.8 0.2 11.4 12.8 10.6 9.0 7.6 5.9 1.0 3.8
Table 10
Resolved mineral and porosity components from 3D tomogram segmentation before and after reaction with supercritical CO2 (vol.%).
Component Precipice Sandstone Evergreen Formation Evergreen Formation Hutton Sandstone Hutton Sandstone
1192 m 1138 m 897 m 867 m 799 m
Pre-CO2 Post-CO2 Pre-CO2 Post-CO2 Pre-CO2 Post-CO2 Pre-CO2 Post-CO2 Pre-CO2 Post-CO2
Mineral components
Framework grains 78.0 77.4 34.4 31.8 18.9 17.5 59.4 60.6 76.3 75.9
Matrix and/or framework grainsa – – 60.4 63.1 77.2 77.9 – – – –
Clays/micas/ex-feldspars 7.7 7.9 – – – – 35.8 33.8 5.6 6.9
Calcite cement – – – – – – – – 17.0 14.9
Heavy minerals 0.2 0.2 4.9 4.1 1.9 2.8 3.0 3.9 b0.1 b0.1
Porosity components
Resolvable porosity 18.0 18.4 – – – – 1.9 1.7 1.1 2.2
Resolved porosity/organica – – 0.2 1.0 2.0 1.7 – – – –
a Porosity in the two Evergreen Formation samples contains substantial pore-ﬁlling material, with resolvable pores limited to those N1 voxel (3D pixel) in size; complex, ﬁne-grained
lithology does not allow sub-resolution pores to be distinguished from more X-ray “dense”material.
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the primary contributor to reactant ﬂuids (Fig. 16c), which is consistent
with QEMSCAN (Fig. 5b) and SEM-EDS observations (Fig. 11e), although
the contribution by dissolution of very trace minerals remains
unassessed. The evolution of Si resulted in the poorest ﬁt between pre-
dicted and measured ﬂuid chemistry over time, with predicted SiO2
plateauing more than measured SiO2. This could be the result of the
rate of precipitation of kaolinite being too high (Fig. 16c), resulting in
an unrealistic suppression of SiO2. Alternatively, this may be the result
of Si precipitating out of solution following aliquot collection, as
separate samples for Si analysis were not obtained and diluted to 1:4
with DI water to preserve dissolved silica, as recommended by Lico
et al. (1982). Interestingly, an increase in both kaolinite (from ~7 to
~11 area %) and quartz (from ~57 to ~59 area %) is observed in the
QEMSCAN analysis of pre- and post-CO2 polished subplug slices
(Table 9).
5.4.3. Evergreen Formation 897 m
The predicted and modelled chemistry of Evergreen 897 m is very
similar to that of Hutton 867 m (Fig. 15e, f). Both samples have Fe-
chlorite as theprimary source ofmaterial undergoingdissolution during
CO2–water–rock reactions, with a corresponding increase in Fe, SiO2 ±
Mg. Analysis by SEM-EDS reveals contributions by annite and ankerite
towards K, andMg andMn, respectively (Fig. 12),which is also reﬂected
in kinetic modelling of the reactions (Fig. 16d). Supersaturation and
subsequent precipitation of kaolinite is indicated to start at ~day 7 of
CO2 exposure, although this is not directly observed in SEM-EDS. A
small increase in kaolin is indicated by post-reaction QEMSCAN of the
plug sample (Table 9), as is an increase in K-feldspar, which is not ob-
served in SEM-EDS or kinetic modelling. As discussed for Hutton
867 m, the imperfect ﬁt for Si may be partly attributed to unwanted sil-
ica precipitation during sampling.
5.4.4. Evergreen Formation 1138 m
Predicted ﬂuid chemistry of Evergreen 1138 m closely matches the
measured chemistry of the CO2–water–rock experiments (Fig. 15g).
Fig. 16e reveals preferential dissolution of calcite, followed by ankerite,
chlorite and phlogopite, as observed in SEM-EDS. Although some calcite
is identiﬁed in the sample by mineral mapping, QEMSCAN failed to
identify ankerite in the sample. This could be due to subsampling issues,
as although every effort is made to select representative subsections,
intra-sample heterogeneity makes this extremely difﬁcult on a ﬁne
scale. Interestingly, the modal mineral assays from QEMSCAN suggest
a probable decrease in area % of feldspars, in particular K-feldspar, and
kaolinite (Table 9), withmicro-CT (Table 10) indicating a corresponding
decrease in framework grains (from 34 to 32 vol.%).
In contrast, Fig. 16e depicts kaolinite precipitating from the very
onset of CO2 injection, suggesting the starting water chemistry was
supersaturated with respect to kaolin.
5.4.5. Precipice Sandstone 1192 m
In order to match the experiment ﬂuid chemistry observed, the
quartzose and kaolinitic composition of the Precipice Sandstone sample
necessitated the use of a mineralogy that was not directly observed by
SEM-EDS or QEMSCAN (Table 11). As a result, trace amounts of an-
kerite, siderite and chlorite were added to the initial rock mass, in
line with the expected mineralogy observed in other Precipice sam-
ples. Using this initial composition, predicted chemistry matches the
measured experimental reaction chemistry very well (Fig. 15h), with
linear increases in SiO2, Fe, Ca and Mg attributed to the dissolution of
trace amounts of ankerite, silica, siderite and Fe-chlorite. The contri-
bution to SiO2 by chalcedony is taken to represent the contribution to
reactant ﬂuids by colloidal silica, observed in other subsamples in
SEM, which would have been a by-product of previous extensive al-
teration of feldspars during diagenesis.
5.5. Summary implications for CO2 interactions in a freshwater
reservoir system
5.5.1. Hutton Sandstone
The Lower Hutton Sandstone sample is similar in composition to the
Evergreen samples, but contains less carbonate and considerably more
ﬁne-grained chlorite or mixed chlorite–smectite. Leaching of Fe from
chloritic claywas observed during CO2–water–rock reactions; however,
these reactions did not lead to notable changes in poro-permeability in
either SEM-EDS or digital 3D tomography, with only minor increases in
clay intraporosity observed in SEM-EDS and minor reductions in X-ray
dense cations in clays observed in micro-CT. This suggests that desorp-
tion from and/or dissolution of chlorite, mixed clays, or even annite or
phlogopite, is unlikely to improve permeability in the formation during
CO2 injection. Furthermore, the contribution of Fe at the mixed-ﬂuid
interface could feasibly lead to siderite precipitation in the longer-
term, especially in matrix heterogeneities where CO2 becomes trapped
by residual trapping.
The calcite-cemented Hutton Sandstone sample experienced
considerable dissolution of the carbonate cement (from 17 vol.% to
15 vol.%) during reactions with CO2. Dissolution is more prominent at
the rock–ﬂuid interface, with the surface of the reacted rock sample
Table 11
Initial rock mineralogy used in kinetic geochemical modelling of CO2–water–rock experiments. Proportions are constrained by quantitative QEMSCAN, semi-quantitative XRD and SEM-
EDS of pre-reaction samples or sister samples.
Precipice Sandstone
1192.9 m
Evergreen Formation
1138 m
Evergreen Formation
897.9 m
Hutton Sandstone
867 m
Hutton Sandstone
799.5 m
Quartz 94.5 43.5 50.0 62.0 78.0
K-feldspar 0.8 16.2 8.5 8.5 3.2
Plagioclase feldspar 0.2 12.3 15.5 6.5 2.1
Kaolin 2.1 3.7 10.4 6.5 2.0
Illite/muscovite 1.0 4.0 5.0 2.5 0.2
Smectite (Na-rich) 0.3 6.5 1.3 0.9 0.1
Biotite (Fe- or Fe,Mg-) 0.0 4.6 4.0 0.5 0.2
Fe-chlorite (Fe3:Mg1) 0.2 2.5 2.5 8.5 0.3
Calcite 0.0 1.1 0.1 0.1 13.5
Ankerite (Ca1Fe0.7Mg0.3) 0.5 3.8 0.1 0.0 0.1
Siderite (Fe0.9Mg0.1) 0.5 1.9 0.6 0.1 0.3
Fe-oxides 0.1 0.1 2.0 4.0 0.2
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a) b)
c) d)
e) f)
g) h)
Fig. 15. Predicted vs. measured experiment ﬂuid composition evolution over time during B-run CO2–water–rock reactions: a) Hutton 799 m, single-stage dissolution, with b) magniﬁed
view of low-concentration elements; c) Hutton 799m, two-stage dissolution, with d)magniﬁed view of low-concentration elements; e) Hutton 867m; f) Evergreen 897m; g) Evergreen
1138 m; and h) Precipice 1192 m.
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block showing extensive dissolution of cement and the surface of the
plug showing preferential dissolution, withminor dissolution occurring
on cleavages and at framework grain/cement boundaries. This loss of
calcite cement has the potential to have considerable impact on near
bore well porosity and permeability, with CO2 injection predicted to fa-
cilitate injection by enhancing permeability and increasing pore access
to mixed ﬂuids.
Differences in the rate of dissolutionmay partly be related to sample
grainsize and compaction, as low porosity in a compacted, ﬁne-grained
carbonate-containing sample will likely retard CO2 ﬂuids. This would
limit exposure of reactant minerals to the CO2–water interface, leading
to a decreased rate of dissolution. In units of equal permeability, ﬁner
carbonate grainsize and a large relative surface area could result in
more rapid dissolution, and proportionally more of the mineral being
dissolved over time.
Although mineral precipitation was not observed or predicted
beyondminor kaolinite precipitation, the substantial release of divalent
cations (Ca2+, Fe2+, Mn2+) from the dissolution of carbonates into
formation waters leads to the potential for mineral trapping (Eq. (10))
following a drop in CO2 fugacity (Watson, 2006).
Ca2 þMn2þ þ Fe2þ þ HCO−3
bicarbonate
þOH− ¼ CaMnFe CO3ð Þ3 þ H2O
mixed carbonate
ð10Þ
This potential for mineral trapping, in combination with the hetero-
geneous nature and variable permeability of the unit, indicates the
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Fig. 16. Predicted mineral mass evolution over time during B-run CO2–water–rock reactions: a) Hutton 799 m, with b) magniﬁed view of low-concentration minerals, c) Hutton 867 m,
d) Evergreen 897 m, e) Evergreen 1138 m, and f) Precipice 1192 m.
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Hutton Sandstone could act as an effective secondary reservoir and seal
unit (Fig. 17),with internal bafﬂing byﬁner-grained reactive units likely
to slow the migration of CO2 (Watson, 2006).
5.5.2. Evergreen Formation
Both samples from the Evergreen Formation contain moderate
amounts of feldspars and chlorite, in addition to kaolin, micas and
biotite-group minerals. During reaction, Fe was dissolved into reaction
ﬂuids for both samples. In spite of the very ﬁne-grained, compacted na-
ture of the sample and the negligible starting porosity, minor increase in
porosity (from 0.2 to 1% porosity) was observed in the lower Evergreen
Formation sample (1138m), primarily due to the dissolution of carbon-
ates. Interestingly, although the coarser-grained Evergreen sample had
higher porosity prior to reaction (2.0 vol.% vs. 0.2 vol.%), no increase
in porosity was observed in this sample following CO2 exposure. The
contribution of substantial Fe to the formation ﬂuid opens the possibil-
ity of siderite precipitation in the longer term, meaning the unit has the
potential to become self-sealing at the ﬂuid–rock interface due to the
potential precipitation of siderite, Fe-oxihydroxides, ±amorphous sili-
ca. Previous work by Watson et al. (2005) shows CO2 reactions with
clay-rich lithologies can improve the seal capacity of a unit through
the precipitation of carbonate products. The very ﬁne-grained intervals
of the Evergreen Formation are likely to experience limited mixed ﬂuid
(CO2 andwater) reactions due to impeded penetration of ﬂuids. This, in
addition to the reactive mineralogy and high chlorite–smectite content,
suggests the Evergreen Formation would be an effective seal unit. The
heterogeneous nature of the unit is likely to see ﬂuid penetration into
the lower section of the formation, which is of poorer reservoir-
quality (Fig. 1). However, this could be beneﬁcial in terms of CO2 storage
efﬁcacy, as the internal heterogeneity and permeability variations are
likely to result in tortuosity of the CO2 migration path, leading to in-
creased opportunity for CO2 trapping to occur in the form of residual
and mineral trapping.
5.5.3. Precipice Sandstone
The sample from the quartzose Precipice 1192 m is relatively
unreactive, consisting predominantly of quartz, muscovite and poorly-
reactive kaolin ± smectite clays. This, in combination with the high po-
rosity (15–18 vol.%) of the sample, indicates the Precipice Sandstone is
an attractive reservoir unit (Fig. 17). During CO2 reaction, the small in-
creases in Fe, Ca and Si are attributed to partial dissolution of chlorite
and remnant detrital plagioclase feldspars, and potentially to trace
amounts of carbonate that were too ﬁne-grained and sparse to be di-
rectly identiﬁed in petrographic studies. Due to this paucity of unstable
mineral phases, no changes in porosity or permeability are expected
during CO2–water–rock reactions, and CO2 trapping is likely to be limit-
ed to hydrodynamic trapping processes, in the form of residual and dis-
solution trapping. No precipitation of minerals is predicted to occur by
kinetic geochemical modelling. Fluid-ﬂow is expected to be controlled
by internal permeability variations within the formation and hydraulic
gradient, with CO2 residence times in line with the hydrodynamic
regime of the system.
5.5.4. Comparison with existing experimental studies
Whilst this study is the ﬁrst to conduct freshwater CO2–water–rock
reactions at simulated in situ conditions, several previous studies have
LITHOLOGY (AS RESERVOIR QUALITY)
Mudstone (poor) Sandstone (good)
SCALE (DEPTH)
100m0 m 50 m
CO2
Water
Pore
Qtz
Fpar
Clay
Fig. 17. Schematic diagram of the Surat Basin as a low-salinity CO2 storage system with theoretical interactions from injection: Precipice Sandstone as a clean porous primary reservoir;
Evergreen Formation as a predominantly self-sealing, tight caprock; Hutton Sandstone as an internally-bafﬂed, heterogeneous dual reservoir-seal unit. Formation depths based on the
Chinchilla 4 study well.
Lithological “reservoir quality” indicator adapted from gamma logs for the study well, presented in Bradshaw et al. (2009), which generally reﬂect mudstone vs. sandstone content.
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conducted similar batch reaction experiments at either low-pressure,
low-salinity conditions, or high-pressure, high-salinity conditions,
allowing comparison between the different conditions. In general, sim-
ilarities between the element release mechanisms (i.e. dissolution and
desorption ofminerals) are observedbetween the saline and freshwater
studies, with differences observed in precipitation and extent of dis-
solution appearing to partly relate to rock composition, in addition to
starting water chemistry and P–T conditions. Batch experiments
conducted in saline conditions at similar or higher P–T reservoir condi-
tions generally note similar element mobilisation mechanisms, with
these studies identifying dissolution of minerals like feldspars, carbon-
ates, clay minerals and anhydrite. Mineral precipitation observed in
saline experiments include clay-like aluminosilicates, secondary calcite,
kaolinite, gypsum, Fe-oxi/hydroxides, albite, silica and anhydrite
(Rochelle et al., 2004; Bertier et al., 2006). During the study at similar
reservoir P–T conditions by Wigand et al. (2008), where ﬂow-through
experiments at 1 M NaCl, 30 °C and 15 MPa pore-ﬂuid pressure condi-
tions were undertaken, a decrease in pH and dissolution of carbonate
cement was observed after CO2 inﬂux, with dissolution of feldspars oc-
curring later in the experiment. However, unlike in the current study,
Wigandet al. (2008) also observed the precipitation ofmontmorillonite,
although they were not able to reproduce this with modelling. Kaszuba
et al. (2003) and Kaszuba et al. (2005) conducted more saline (5.5 m)
batch reactions at higher P–T conditions (200 °C and 200 bar), and ob-
servedmagnesite± siderite precipitation, considerable silicate dissolu-
tion of feldspars, biotite, and even quartz, and desiccation of brine after
CO2 injection in an Mg-bearing brine study (Kaszuba et al., 2003), sug-
gesting formation salinity and P–T conditions have a considerable
impact on CO2–water–rock interactions, in addition to the initial host-
rock mineralogy. In freshwater batch reaction studies by Smyth et al.
(2009), Little and Jackson (2010), Lu et al. (2010), Humez et al.
(2013), and Varadharajan et al. (2013), similar observations were
made in the form of pH decrease and element mobilisation following
CO2 introduction. Despite differences in sample composition and prep-
aration (i.e. using disaggregated rock or sediment) and P–T conditions
(e.g. low-temperature, atmospheric pressure conditions) of the existing
studies, in both our study and in previous low-salinity studies, following
CO2 injection, pH generally dropped by ~1–2 units (e.g. Kharaka et al.,
2010; Little and Jackson, 2010; Lu et al., 2010; Zheng et al., 2012),
with a pH drop of up to 3 units seen in poorly-buffered units (Trautz
et al., 2013). Similarly, in both our study and previous studies, this
decrease in pH resulted in elevated levels of major and trace metal con-
centrations, such as Ca,Mg,Mn, Fe and Sr, due to dissolution, desorption
and/or cation exchange on mineral surfaces. No precipitation of min-
erals is directly observed in the low-salinity experiments, although
potential kaolinite precipitation is indicated in our study, and potential
Fe-oxide (Lu et al., 2010; Cahill and Jakobsen, 2013) and clay precipita-
tion (Lu et al., 2010) is indicated in other freshwater studies. From these
studies, the importance of host-rock composition and pH buffering on
the geochemical response of the system is highlighted, with carbonates
identiﬁed as having the highest capacity to buffer pH in all studies.
6. Conclusions
Batch-reaction experiments under in situ Surat Basin conditions
(T = 60 °C, P = 120 bar) have shown that injection and dissolution of
CO2 into low-salinity formations will result in geochemical reactions
that are dependent on the host-rock lithology. Incremental ﬂuid sam-
ples obtained during batch reaction of rock samples infer CO2–water–
rock interactions from changes in analyte concentrations. During CO2
reaction, the majority of major and minor elements showed an overall
increase in concentration with respect to initial water chemistry, indi-
catingdissolution± desorption ofmaterial into theﬂuid phasewithde-
creasing pH, whilst decreases in element concentration in some efﬂuent
samples suggest the ﬂuid is reaching a state of mineral saturation.
Carbonates are observed to rapidly dissolve in the early stages of the
experiment, whilst silicate minerals appear to follow a more gradual,
linear dissolution trend. These dissolution and desorption processes
are highly dependent on initial host rock mineralogy and lithology,
with poorly-reactive samples showing little change in mineralogy.
Rock sample characterisation before and after CO2 exposure allows
insight into the impact of CO2 reaction in low-salinity formationwaters,
with changes in porosity and mineralogy observed following reactions
with supercritical CO2. In general, negligible tominor porosity increases,
or even decreases, were observed where ﬂuid chemistry changes
were largely attributed to the dissolution or desorption of silicate
minerals (e.g. Fe-chlorites, annite, feldspars), especially in the ﬁner-
grained, clay-rich intervals. In contrast, dissolution of carbonates in
the carbonate-rich samples resulted in a considerable increase in poros-
ity, which is likely to substantially improve permeability. As a result, the
starting mineralogical composition of a reservoir unit is likely to have a
large impact on the evolution of reservoir quality characteristics during
CO2 injection and storage. In addition, by comparing the results of this
study with previous saline and low-salinity experiments at various P–
T conditions, it is evident that rock composition is one of the major
factors that inﬂuences CO2–water–rock interactions, in addition to
formation water chemistry and P–T conditions.
The implications of CO2–water–rock interactions in the low-salinity
Surat Basin reveal a potential reservoir system comprising a clean,
poorly-reactive primary seal unit, a heterogeneous and reactive seal
unit, and an overlying internally bafﬂed dual reservoir-seal unit
(Fig. 17). Initial reactions expected to take place are the partial dissolu-
tion of calcite, mixed carbonates, chlorite and chloritic clays, and annite,
followed in the longer-term by the dissolution of additional silicates,
such as plagioclase and alkali feldspar. Rapid dissolution of Ca-, Fe-
and Mn-bearing carbonates is expected to improve injectivity in the
near-well environment, and contribute to the eventual re-trapping of
CO2 in the form of re-precipitation of carbonates, especially in the
internally-bafﬂed intervals of the Evergreen Formation and Hutton
Sandstone, where CO2 is likely to be slowed by tortuosity held by capil-
lary trapping. Although understanding the long-term interactions in
low-salinity CO2 storage systemswill necessitate long-term experimen-
tal investigations and kinetic geochemical modelling, short-term exper-
iments can provide valuable information on near bore-well CO2–water–
rock interactions. Detailed characterisation of core samples prior to and
following CO2 exposure—as is presented in this study—will likely result
in a good agreement between experiment outcomes andmodelled pre-
dictions. This is vital when building models for predicting site-scale
interactions during CO2 injection and storage.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2014.10.006.
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 CHAPTER 5 
 
FLUID-FLOW HISTORY, DIAGENESIS AND EVIDENCE OF CO2 
ACCUMULATION AS A NATURAL ANALOGUE FOR CO2 STORAGE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Image: Scanning electron microscope backscatter image of the Westgrove Ironstone Member in the 
Evergreen Formation. Siderite cementation has formed as a result of CO2-rich fluid infiltration. 
100 µm 
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5.0 Abstract 
The Jurassic interval of the Surat Basin, eastern Australia, provides a unique opportunity to study an 
actively targeted reservoir system as a natural analogue for CO2 storage in chemically open-system 
conditions. Diagenesis within the system is dominated by meteoric water fluid flux, and is 
associated with selective dissolution of reactive minerals (e.g. detrital ferromagnesian minerals, 
carbonates, feldspars) and precipitation of quartz, kaolin, smectite, chlorite and carbonates. 
Precipitation of diagenetic minerals occurs largely at the expense of detrital minerals. During late 
diagenesis, further mineralisation has occurred, probably as part of a regional geothermal system. 
Calculated fluid isotopic values for kaolin (δ18OVSMOW = −10.6 to −6.2 ‰, δD = −87.2 to –70.9 ‰) 
show an evolution of isotopic values as the result of fluid-rock interactions, and indicate a meteoric 
palaeofluid source with a composition of δ18OVSMOW = −12 ‰ and δD = −88.5 ‰. Carbonate 
isotopic analysis allowed several generations of carbonate to be identified in the Lower Jurassic 
sequence. These include two observed generations of siderite (δ18OVSMOW = +9.2 ‰ to +13.7 ‰, 
δ13CVPDB = −5.4 to +6.8 ‰). An early, lower-temperature (~ 60 °C) siderite was identified in the 
Westgrove Ironstone Member. This siderite (II) shows evidence of thermogenic recrystallisation of 
precursor ooidal siderite (I) with chlorite cores. A later siderite (III) is interpreted to have 
precipitated at higher temperatures (~ 80–100 °C). This siderite generation is commonly associated 
with products of extensive Fe-rich grain replacement, where it occurs together with ankerite and 
chlorite. Variations in siderite δ13C are attributed to varying degrees of mixing between enriched 
methanogenic CO2 and CO2 sourced from microbial fermentation and/or early thermogenic 
processes. Calcite stable isotopes for the main calcite population (δ18OVSMOW = +5.7 to +8.9 ‰, 
δ13CVPDB = −24.4 to +6.6 ‰) indicate the majority of samples also formed from meteoric-dominated 
fluids, at temperatures between about 80–100 °C. Surprisingly, one calcite sample from the Hutton 
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Sandstone (mineral δ18OVSMOW = +24.7 ‰) precipitated from a fluid with a very different isotopic 
composition (calculated fluid δ18OVSMOW value of +9.6 ‰) when compared with the source fluid of 
the main calcite population (calculated fluid δ18OVSMOW values ~ −10 to −12 ‰). This indicates this 
calcite cement precipitated from an isotopically-distinct fluid source, provisionally attributed to 
fluid mixing between meteoric water and highly-evolved, CO2-rich basinal fluids. Vertical transport 
of such basinal fluids may be associated with thrust faulting in the area and the upwelling of hotter 
deeply-sourced hydrocarbon-rich fluids. The apparent selective precipitation and/or preservation of 
isotopically-distinct calcite in this interval, in spite of continued interaction with formation waters, 
may be related to local heterogeneity in permeability or potentially due to differences in local redox 
reactions. Chemically “open” conditions must be considered for this system to account for the 
observed diagenetic reactions involving meteoric water, even at depth. These natural processes 
provide a natural analogue to those processes and interactions that may occur during artificial 
injection and storage of CO2 in partially open-system conditions. 
Mineralogy and texture are shown to have considerable control on reservoir quality, with low 
permeability intervals predominantly found in clay-rich, quartz-poor samples. Total porosity is 
found to be less important than pore diameter and connectivity in controlling permeability. Using 
the Lower Jurassic reservoir system as an analogue for CO2 storage assists with identifying the 
likely long-term consequences of CO2 injection. Introduction of CO2 to the targeted system is likely 
to lead to similar, if catalysed, processes to those experienced during natural diagenesis and mixed-
fluid interactions. Expected processes include the dissolution of labile minerals (carbonates and 
chemically-unstable silicates) in permeable zones close to the injection site, and subsequent long-
term precipitation of Fe-(Mn–Mg–Ca) carbonates and smectites in baffled intervals where CO2 
becomes trapped. These predictions are supported by long-term (30-year) simulations of artificial 
CO2 exposure using geochemical modelling. 
Keywords: 
Diagenesis 
Open-system 
Stable isotopes 
Reservoir quality 
CO2 storage 
Natural analogue  
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5.1 Introduction 
Globally, CO2 contributes 76 % of total anthropogenic greenhouse gas emissions, and CO2 
emissions from fossil-fuel and industrial sources accounted for 78 % of the total increase in 
anthropogenic emissions from 2000–2010 (Blanco et al., 2014). Geological storage of CO2 is being 
explored and implemented as a mitigation option for reducing these emissions. However, there are 
still uncertainties regarding the long-term effect of fluid-rock interactions on the reservoir system 
during CO2 injection. Of particular interest are potential changes to mineralogy and reservoir 
properties of seal and host rocks, as these changes can considerably affect the storage capacity, 
injectivity and containment of a system (Gunter et al., 1993; Kaldi and Gibson-Poole, 2008; Higgs 
et al., 2013).  
Natural examples of CO2 accumulations in sedimentary basins provide an excellent opportunity to 
gain insight into the long-term reactions involved in CO2 storage, and investigate these processes on 
geological time scales (Wycherley et al., 1999; Uysal et al., 2011; Golding et al., 2013; Higgs et al., 
2014). Several examples of these natural CO2 accumulations exist globally, including: the Bravo 
Dome field, New Mexico, where extensive dissolution of evaporites and carbonates are attributed to 
the influx of CO2 (Pearce et al., 1996); the Miller field, in the North Sea, where Lu et al. (2011) 
estimate between 6–24% of CO2 became sequestered in disseminated calcite cements; and 
Montmiral in France, which is currently commercially exploited as a source of industrial CO2 
(Pauwels et al., 2007). 
The Early Jurassic Surat Basin interval in Queensland provides a unique opportunity for 
investigating these processes, as both a targeted potential CO2 storage site, and as a natural 
laboratory exhibiting different stages of fluid interactions under low-salinity conditions (Farquhar et 
al., 2013). By studying mineralogy and texture and relating this to the fluid-flow history of the 
system, this study will investigate the paragenetic history and reservoir heterogeneity and quality 
characteristics, and provide valuable insight into the long-term implications of CO2 injection and 
storage in a potential low-salinity reservoir system with chemically “open” characteristics. 
5.1.1 Interplay between mineral paragenesis and reservoir quality 
It is well documented that both depositional environment and diagenesis of reservoir systems exert 
considerable control on reservoir properties, and on the chemical and physical interactions that 
occur during CO2 injection and storage (e.g. Bachu et al., 1994; Bachu, 2000; Bradshaw and Dance, 
2005; Gibson-Poole et al., 2005, amongst many others). In particular, disequilibrium following fluid 
flux leads to diagenetic alterations, such as cementation, dissolution and recrystallization, which 
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modify reservoir properties, highlighting the importance of constraining the origins of fluid flow 
events (Morad et al., 2010). 
Acid-fluid interaction with host rocks during diagenesis can improve reservoir quality through the 
creation of secondary porosity from the extensive dissolution of minerals like feldspars (Moore and 
Druckman, 1981; Curtis, 1983). Carbonate cementation can both preserve porosity, by limiting the 
compaction of intergranular porosity during burial (Morad et al., 2012), or reduce porosity, through 
occlusion and infilling of secondary porosity during later fluid mixing events (Watson et al., 2004). 
Quartz cementation can significantly reduce porosity and permeability by occluding pores, reducing 
pore-throat diameters, or through pressure dissolution. Cementation during early burial, however, 
can also preserve porosity by preventing further mechanical compaction (Barclay and Worden, 
2000; Ali et al., 2010). 
Whilst clay content in itself is not necessarily directly correlatable to permeability, the morphology 
of clays (e.g. discrete particles, or pore-lining and pore-bridging) has been shown to have a large 
impact on injectivity (Wu and Berg, 2003). Kaolinite is susceptible to breaking apart, migrating and 
concentrating at pore throats, leading to pore-throat plugging and loss of injectivity by a reduction 
in pore-throat diameter (Wu and Berg, 2003; Civan, 2007). Illite is also prone to fines migration and 
can plug pore throats, whilst smectite and mixed-layer clays are water-sensitive and expandable, 
potentially leading to losses in microporosity. Swelling clays can break into clumps and bridge 
pores and pore-throats, also effectively reducing permeability. Chlorite, which is sensitive to acidic 
and oxygenated formation fluids, has been predicted to precipitate gelatinous FeOH3, plugging pore 
throats (Civan, 2007). Authigenic clays can also preserve favourable reservoir properties. For 
example, chlorite can preserve primary porosity when precipitated as an early grain-coating phase 
by inhibiting nucleation and growth of quartz overgrowths, and by impeding the formation of 
intergranular pressure solution features (Spötl et al., 2009). 
5.2 Geological background 
5.2.1 Surat Basin geology 
Deposition of the Surat Basin in Australia (Figure 5.1), extending into both southeast Queensland 
(QLD) and northern New South Wales (NSW), largely initiated in the Early Jurassic, with only 
vestiges of the Late Triassic preserved in the sedimentary record (Hoffmann et al., 2009). 
The Surat Basin comprises terrigenous to coastal-marine sediments deposited over approximately 
100 Ma, with an average basin thickness of 2 km (Hoffmann et al., 2009; Korsch and Totterdell, 
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2009). In the study area within southeast Queensland, Australia, the Lower Jurassic Surat Basin 
sequence includes the Precipice Sandstone, Evergreen Formation and Hutton Sandstone (Figure 
5.2).  
 
Figure 5.1: Map of the Jurassic–Cretaceous Surat Basin with selected wellbores used in this study. 
The Surat Basin is a mature petroleum exploration province, containing frequent oil and gas 
accumulations (Figure 5.2), in addition to coal measures from the end of the Early Jurassic. As 
such, the Lower Jurassic Surat Basin units have been characterised in detail by Martin (1977), 
Green et al. (1997), Hoffmann et al. (2009), and more recently in terms of CO2 storage, by 
Grigorescu (2011), Hodgkinson and Grigorescu (2012) and  Farquhar et al. (2013). Recently, 
Ziolkowski et al. (2014) provided a detailed re-evaluation of the sequence stratigraphy of this 
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succession by investigating the lateral extent and continuity of the Boxvale Sandstone Member and 
the Westgrove Ironstone Member using sedimentary facies associations, rather than 
lithostratigraphy, to correlate time-equivalent depositional events on a regional scale. This re-
assessment provides an invaluable basin-scale understanding of depositional relationships, which 
can be used to allow a better assessment and prediction of reservoir quality. For consistency with 
previous assessments and ease of use, we describe our results in relation to both the traditional and 
the proposed revised stratigraphic picks. 
The proposed Surat Basin reservoir system comprises the Precipice Sandstone, a predominantly 
clean primary reservoir unit, the overlying Evergreen Formation, a finer-grained, lower-
permeability and lithologically dirty sealing unit, and the Hutton Sandstone, a heterogeneous and 
internally-baffled unit with both reservoir and seal characteristics (Farquhar et al., 2013). 
As seen in Figure 5.3, the Precipice Sandstone generally has high porosity and permeability, whilst 
the Evergreen Formation has variable but generally poor to moderate poro-permeabilities. The 
range of Hutton Sandstone poro-permeabilities (from poor to very good) reflects the internal 
heterogeneity of the unit. 
Figure 5.2: Generalised stratigraphic column for the Surat 
Basin. Modified from Cadman and Pain (1998); Hoffmann et 
al. (2009); Korsch and Totterdell (2009).  
Gas =  , oil = ,  = oil and gas. 
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 Figure 5.3: Range of porosities and permeabilities in the lower interval of the Jurassic Surat Basin for 
example GSQ wellbores Chinchilla 4 and Taroom 17. Data are from Coote (1986). 
In general, for the Lower Jurassic Surat Basin units there is an overarching positive correlation 
between porosity and permeability (Figure 5.4a, b). However, for any given measured porosity (e.g. 
20 %), measured permeability can vary by several orders of magnitude (e.g. 0.2–2000 mD), 
depending on the morphology and interconnectivity of pores. As such, it is perilous to assess 
potential reservoir quality using porosity alone, necessitating the investigation of additional 
permeability modifiers, including clay content and morphology, degree of cementation, compaction, 
pressure solution features, and grain overgrowths and dissolution. 
 
Figure 5.4: Existing porosity versus horizontal and vertical permeability data at ambient conditions for GSQ 
boreholes in the target area a) Chinchilla 4 and Taroom 17; b) the Early Jurassic Precipice Sandstone, 
Evergreen Formation and Hutton Sandstone in Chinchilla 4. Data extracted from QPED (GSQ, 2014). 
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5.2.2 The Precipice Sandstone 
The Precipice Sandstone is laterally extensive, with fine- to very-coarse-grained quartzose 
sandstone, basal pebbly horizons and minor siltstone. The Precipice Sandstone is well-defined by 
high resistivity (Res) and low gamma-ray (GR) and spontaneous potential (SP) responses, due to 
the low clay and lithic content, high permeability, and low salinity (Figure 5.5). Interestingly, as 
reported by Cadman and Pain (1998), although the more favourable porosities and permeabilities in 
the Precipice Sandstone are found in coarser-grained, braided stream facies, the vast majority of 
hydrocarbon accumulations occur on the Roma Shelf where this facies is absent. In the producing 
Roma Shelf intervals, porosities of ~20 % and permeabilities of ~110 mD are reported. By contrast, 
at the eastern edge of the Mimosa Syncline, poro-permeability measurements of 25 % porosity and 
700–4000 mD permeability are reported. For the selected detailed study on GSQ Chinchilla 4 
(Figure 5.3), a porosity range of 18–24 % (average ~22 %), and horizontal permeabilities of 230–
4100 mD (average ~2000 mD), are reported by Coote (1986). Towards the traditionally-picked top 
of the Precipice Sandstone, a thin but regionally-extensive fine-grained silty shale provides an 
intraformational seal to hydrocarbon accumulations (Cadman and Pain, 1998).  
5.2.3 Evergreen Formation 
The Precipice Sandstone and the overlying Evergreen Formation together exhibit a general fining-
upwards sequence, with the Evergreen Formation traditionally comprising predominantly fine- to 
medium-grained sandstone at the base, and becoming more carbonaceous, and siltstone- and 
mudstone-rich, towards the top of the unit (Farquhar et al., 2013). The recent re-evaluation by 
Ziolkowski et al. (2014) and McKillop (2013) identifies the fine-grained, quartzose sandstone 
traditionally interpreted to be the base of the Evergreen Formation as more appropriately belonging 
to the uppermost interval of the Precipice Sandstone (Figure 5.5). The high shale content and 
increased salinity in the Evergreen Formation is evident in the moderate to high GR and SP and low 
resistivity response in wireline logs. Porosity and permeability in the Evergreen Formation is 
variable, with ranges of 10–25 % porosity and <20 to >240 mD permeability reported, in part due to 
the presence of coarser-grained sandstone bodies within the unit. Regionally, the more favourable 
reservoir properties are found in the middle of the Mimosa Syncline and in the Denison Trough, to 
the north (Cadman and Pain, 1998). The study wellbore displays a very broad range of porosities 
(3–22 %, average ~14 %); in spite of this variability, Coote (1986) reports generally low 
permeabilities (up to 250 mD, average 15 mD), as seen in Figure 5.3. 
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5.2.4 Hutton Sandstone 
 The Hutton Sandstone is lithologically heterogeneous, with sublithic to quartzose intervals of fine- 
to medium-grained sandstone and interbedded siltstone, with common rip-up clasts, pebble lags and 
minor coaly intervals (Farquhar et al., 2013). The heterogeneous nature is reflected in the highly 
variable responses to GR, SP and Res in wireline logs over the unit interval (Figure 5.5). Reported 
reservoir quality for the Hutton Sandstone varies, with porosities between 15–25 % and 
permeabilities generally ≤100 mD, as described by Cadman and Pain (1998). Conventional 
hydrocarbon accumulation in the Surat Basin appears to be restricted to structurally-accommodated 
recharge from Permian source rocks, with intraformational baffles and seals acting as top seals in 
these areas (Cadman and Pain, 1998). The study wellbore exhibits a porosity range of 19–26 %, and 
a very broad range of permeabilities (28–6700 mD), averaging ~1800 mD (Figure 5.3). 
Figure 5.5: Petrophysical wireline logs for GSQ Chinchilla with traditional stratigraphic divisions: gamma 
ray (GR), resistivity (Res), and spontaneous potential (SP). Data extracted from GSQ (2014). Revised 
stratigraphy proposed by Ziolkowski et al. (2014) for visual comparison. 
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5.3 Methodology 
5.3.1 Petrographic analysis 
Vitrinite reflectance data were obtained for coal samples and dispersed organic matter in 
Chinchilla 4 to act as organic thermal indicators and identify maximum palaeothermal events 
(Barker and Goldstein, 1990; Uysal et al., 2000a). Coal samples were embedded in polyester resin 
and polished, then measured for mean random vitrinite reflectance (Rvo) in oil. The number of 
reflectance measurements varied from 31–100, with 30 measurements considered the minimum for 
homogeneous vitrinite samples. Depth-reflectance profiles were calculated from linear regression 
(Beeston, 1986). 
Thin-sections of Chinchilla 4 samples were examined by conventional petrography to provide 
mineralogy and paragenetic relationships, with samples from Taroom 15 used for adjunct 
information. Thin-sections were selectively vacuum-impregnated with blue epoxy to highlight inter- 
and intragranular porosity for petrographic analysis, or doubly-polished for investigation for fluid 
inclusions, which proved to be largely unsuccessful due to the scarcity and inherently small size of 
inclusions trapped in the carbonates. 
Semi-quantitative X-ray diffraction (XRD) analysis was undertaken using a CuKα operated at 40 
kV and 40 mA with a count time of 5 s and stepsize of 0.05° 2θ over 2–72° 2θ for bulk mineralogy. 
Samples of both whole rock (sandstone, siltstone and mudstones), and a subset of clay (<2 µm) 
fractions, were analysed for 31 samples selected from Chinchilla 4 to determine comparative bulk 
mineralogy. Clay fractions were analysed air-dried and directly after exposure to ethylene glycol 
vapour overnight to identify swelling components; heat treatment to identify the chlorite versus 
kaolin component was found to be unnecessary due to limited overlap between the even-order 
chlorite (004) and kaolinite (002) peaks, as identified in Farquhar et al. (2013). 
Scanning-electron microscopy (SEM) was undertaken using a low-vacuum JEOL 6460 SEM fitted 
with an energy-dispersive spectrometer (EDS) located at the University of Queensland’s Centre for 
Microscopy and Microanalysis (CMM) facilities to determine paragenesis from textural 
relationships between minerals, and to provide adjunct information on pore shape and size and 
identify trace mineral phases. 
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5.3.2 Digital core analysis 
Small cylindrical plugs (sub-plugs) from these selected samples were imaged in 3D at the µm scale 
by micro-CT, as described in Golab et al. (2010), using the methodology of Arns et al. (2003). The 
3D-to-3D registration technique described by Latham et al. (2008) is used to register the samples 
before and after injection with an X-ray attenuating (CsI-containing) fluid to identify microporosity. 
Tomograms depict the relative attenuation of X-rays through the sub-plug by reflecting increasing 
X-ray opacity, comprising pixels (2D) or voxels (3D) (Golab et al., 2012), allowing quantification 
of X-ray distinct components, such as framework grains, matrix, inter- and intra-granular porosity. 
For example, in tomograms voids appear black, Al-bearing minerals darker grey and Fe-rich 
minerals appear bright grey, allowing detailed characterisation and quantification of the distribution 
of X-ray distinct minerals and porosity in the sample. An end was trimmed from each sub-plug to 
allow a polished section to be prepared for higher-resolution 2D SEM imaging, followed by 
QEMSCAN mineral mapping. QEMSCAN is an automated petrographic system comprising an 
SEM coupled with multiple light-element X-ray detectors and pulse-processor technology. Back-
scattered electrons (BSE) and energy dispersive (EDS) X-ray spectra are combined to digitally map 
minerals and textures (Gottlieb et al., 2000), providing modal mineralogy and mineral distribution 
of the polished sub-plug surface.  
5.3.3 Reservoir and seal rock properties 
To provide information on reservoir quality, whole core intervals and/or adjacent core offcut 
samples from GSQ Chinchilla 4 were tested for physical properties (porosity and permeability). 
Relative (air) permeability measurements were obtained every 15 cm over selected intervals of 
whole core from the targeted units using an air-operated probe (mini) permeameter with a detection 
limit of 0.04 mD, to give relative (semi-quantitative) bore-scale permeability variation. Helium, or 
skeletal, grain density was measured for samples core offcuts using an AccuPyc II 1340 
Pycnometer. Mercury injection capillary pressure (MICP) tests were undertaken on 18 samples, 
using a PoreSizer 9320, with a resolution of < 0.1µL and an accuracy of ±1 % of the maximum 
penetrometer volume. Porosity measurements were also obtained using X-ray micro-CT image 
analysis, which is able to identify inter- and intra-granular micron-scale porosity. Fine-grained 
material containing sub-resolution porosity (i.e. pores smaller than 1 voxel in size) does not allow 
the unambiguous assignment of mineral and porosity phases. As a result, these micropores are 
grouped with the associated materials that comprise the matrix, e.g. clay material, weathered grains 
and/or diagenetic cements (Knackstedt et al., 2013). From analysis of SEM images with a sub-
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micron resolution of ~0.2 µm, porosity is classified as approximately 50 %, 30% or 15% of the 
intragranular clay matrix, depending on the sample. 
5.3.4 Carbonate stable isotope analysis 
Stable isotope analysis of carbonates was undertaken on a total of 14 samples from GSQ wellbore 
Chinchilla 4. Stable isotope ratios for both carbon (δ13C) and oxygen (δ18O) were determined for the 
bulk carbonate samples. Carbonate species were determined by XRD analysis, and most samples 
were found to be dominated by a single carbonate species. Carbonates were reacted offline using 
phosphoric acid-digestion to extract CO2 for carbon and oxygen isotope analyses (McCrea, 1950). 
Calcite was reacted at 25 °C overnight, dolomite and ankerite were reacted at 50 °C for two days, 
and siderite was reacted at 75 °C for three days. Where two carbonate species (e.g. calcite and 
siderite) were identified in suitable relative quantities in a sample, differential extraction through 
dual-stage chemical separation was undertaken. During differential extraction, calcite is reacted first 
at 25 °C for two to three hours prior to CO2 extraction, mixed gases accumulated over the 
remainder of the day are pumped away, with the residual siderite reacted for three days at a higher 
temperature (75 °C). Carbon and oxygen isotope analyses of CO2 from mixed calcite-siderite 
assemblages reacted for 2–3 hours and overnight at 25 °C are within experimental error; this 
indicates kinetics are not an issue for calcite differential extraction. Extract gases were analysed at 
The University of Queensland using an Isoprime dual inlet isotope ratio mass spectrometer, with 
fractionation factors of 1.01025 (calcite), 1.01066 (dolomite and ankerite) and 1.00954 (siderite) 
used for the calculation of δ18O values (Sharma and Clayton, 1965; Rosenbaum and Sheppard, 
1986). Carbonate stable isotope values are reported in per mil (‰), and normalised to VPDB for 
δ13C and VSMOW for δ18O. Samples were calibrated using the international standards NBS18 
(δ13C = -5.014 ± 0.035 ‰VPDB, δ18O = -23.2 ± 0.1 ‰VPDB) and NBS19 (δ13C = +1.95 ‰VPDB, δ18O = 
-2.20 ‰VPDB).  Analytical uncertainties (1δ) are better than ± 0.1 ‰, based on replicate analyses of 
in-house and international (NBS18 and NBS19) standards. Source-fluid δ18O values were modelled 
using the calcite–water equation from O'Neil et al. (1969), modified by Friedman and O'Neil 
(1977), the dolomite–water equation from Horita (2014), and the siderite–water equation from 
Carothers et al. (1988).  
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5.3.5 Kaolin stable isotopes 
Kaolin separates were screened for purity using XRD analysis of random powder mounts, with 
oriented clay mounts used to identify potential trace contaminants. Aliquots of powders were 
subject to sonication, centrifugation and evaporation to isolate a fine grainsize (<2 μm or <4 μm) to 
limit contamination of hydrogen and oxygen isotopes by ancillary minerals (e.g. quartz). Polytype 
identification of kaolin in random powder mounts was applied where possible. Oxygen was 
extracted from the kaolin separates for isotope analysis using a CO2 laser and BrF5, using the 
methods of Sharp (1990). Samples were normalised to the international quartz standard NBS-28 
using a value of + 9.6 ‰, with δ18O reported relative to VSMOW. Analytical uncertainties for 
kaolin δ18O are better than ± 0.15 ‰, based on replicate analyses of standard NBS-28. Hydrogen 
analyses were undertaken on a HEKAtech high-temperature elemental analyser coupled with a GV 
Instruments IsoPrime mass spectrometer, following pyrolysation at 1450 °C in silver capsules. 
Samples were normalised to international standards IAEA-CH-7, NBS-30 and NBS-22, with 
reported δD values of -100 ‰, -66‰ and -118‰. Analytical uncertainties for δD are better than 
± 2 ‰. 
5.3.6 Long-term geochemical modelling 
Predictive long-term (30-year) geochemical modelling was undertaken using the Spec 8 and React 
modules of Geochemist's Workbench 9 (Bethke and Yeakel, 2013), with a modified EQ3/EQ6 
thermodynamic database based on Delany and Lundeen (1989).Thermodynamic data for Fe-rich 
chlorite (Fe3:Mg1) and ordered ankerite (Ca1Fe0.7Mg0.3) were calculated based on the methods of 
Holland et al. (1998) and Davidson (1994). For siderite data, an ideal-mixing model (Fe0.9Mg0.1) 
composition was used. Rate equations and parameters that were used in kinetic calculations are 
provided in Farquhar et al. (2014). Predictive long-term simulations were based on continued CO2 
exposure during a simulated injection period of 30 years. To represent this, CO2 fugacity (fCO2) 
during the simulated injection period (30 years) was calculated based on the Duan and Sun (2003) 
solubility model for the simulated Surat Basin conditions of 60 °C and 120 bar. Initial oxygen 
fugacity (fO2) was set to -40 to represent low-oxygen conditions. Initial rock mineralogies (Table 
5.1) and water compositions are based on the analyses and starting parameters of Farquhar et al. 
(2014). These simulations do not take into account fluid flow or some of the complexities of whole-
rock interactions, such as desorption of material from mineral (e.g. clay) surfaces or interactions 
with trace minerals and/or metal colloids, which are also expected to influence water chemistry 
during CO2 injection. 
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Table 5.1: Initial rock mineralogy used in kinetic geochemical modelling of long-term (30-year) CO2–water–
rock simulations. Mineral proportions are from Farquhar et al. (2014). 
 
Precipice 
Sandstone 
1192.9 m 
Evergreen 
Formation 
1138 m 
Evergreen 
Formation 
897.9 m 
Hutton 
Sandstone 
867 m 
Hutton 
Sandstone 
799.5m 
Quartz 94.5 43.5 50.0 62.0 78.0 
K-Feldspar 0.8 16.2 8.5 8.5 3.2 
Plagioclase Feldspar 0.2 12.3 15.5 6.5 2.1 
Kaolin 2.1 3.7 10.4 6.5 2.0 
Illite / muscovite 1.0 4.0 5.0 2.5 0.2 
Smectite (Na-rich) 0.3 6.5 1.3 0.9 0.1 
Biotite (Fe- or Fe,Mg-) 0.0 4.6 4.0 0.5 0.2 
Fe-Chlorite (Fe3:Mg1) 0.2 2.5 2.5 8.5 0.3 
Calcite 0.0 1.1 0.1 0.1 13.5 
Ankerite (Ca1Fe0.7Mg0.3) 0.5 3.8 0.1 0.0 0.1 
Siderite (Fe0.9Mg0.1) 0.5 1.9 0.6 0.1 0.3 
Fe-oxides 0.1 0.1 2.0 4.0 0.2 
5.4 Results and Discussion 
5.4.1 Vitrinite reflectance and peak burial temperatures 
Measured random (Rvo) vitrinite reflectance (VR) values for Chinchilla 4 ranged from 0.53–0.73% 
over the sampled interval (Table 5.2), and are consistent with the regional values for Jurassic coals 
in the Surat Basin (0.41–0.7%)  reported by Goscombe and Coxhead (1995).  
Maximum (Rvmax) VR values are calculated from Rvo values according to Eq. (1), adopted from 
Ting (1978), which is suitable to use for Rvmax values < 1.8% (Koch and Günther, 1995): 
Rvmax=1.066Rvo.       (1) 
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Table 5.2: Mean random (Rvo%) and corresponding maximum (Rvmax %) vitrinite reflectance for Chinchilla 
4. 
Formation 
Sample depth 
(m) 
Vitr. Refl. 
(Rvo%) 
Standard 
deviation 
No. of 
analyses 
Vitr. Refl. 
(Rvmax%)a
~Burial 
temp. (° C)b 
Taroom Coal Measures 587.21 0.53 0.05 54 0.57 84 
717.67 0.54 0.03 31 0.58 86 
744.73 0.52 0.02 34 0.56 83 
Hutton Sandstone 781.58 0.51 0.04 52 0.54 81 
838.12 0.55 0.02 31 0.59 88 
873.37 0.52 0.03 63 0.56 83 
918.90 0.53 0.05 65 0.56 84 
 
953.88 0.60 0.03 100 0.64 94 
Evergreen Formation 992.67 0.74 0.05 60 0.79 111 
1085.29 0.63 0.05 71 0.68 99 
1107.49 0.54 0.07 50 0.57 85 
Precipice Sandstonec 1123.35 0.73 0.04 43 0.77 110 
a Rvmax calculated according Eq. (1), from Ting (1978). 
b Burial temperature estimated using Eq. (2), from Barker and Pawlewicz (1994). 
c Dispersed coal pieces extracted from core. 
Existing reflectance data for Chinchilla 4 from Coote (1986) and Salehy (1986) are compared with 
data from this study in Figure 5.6. A reflectance gradient (Rvmax%) of 0.31% per km was calculated 
from linear regression for data from this study only, which is higher than the 0.26% km-1 gradient 
calculated from existing data. The reflectance gradient (Rvmax%) obtained from using both datasets 
(0.25% km-1) is shown in Figure 5.6, and is taken to be representative of the reflectance gradient of 
the Surat Basin in this area. Using this gradient, vitrinite reflectance limits for primary migration of 
oil (Rvo = 0.65–1.05%) and gas (Rvo = 1.05–1.4%) generation windows proposed by Boreham 
(1995) suggest that the majority of the stratigraphic section of Chinchilla 4 is immature, with only 
the basal part of the Surat Basin potentially reaching early hydrocarbon maturity (Figure 5.6), which 
is consistent with the regional findings for the Surat Basin by Boreham et al. (1999). Using Eq. (2) 
from Barker and Pawlewicz (1994), this translates to estimated minimum required temperatures for 
oil- and gas-generation windows of ~100 °C and ~140 °C, respectively. 
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Figure 5.1: Measured mean maximum vitrinite reflectance (Rvmax%) for Chinchilla 4, with calculated 
reflectance gradient (0.25% km-1). Oil-generating interval calculated according to Boreham (1995), showing 
the Lower Surat Basin is largely immature with respect to hydrocarbon generation. Data from this study are 
shown with error bars. Existing data are from Coote (1986) and Salehy (1986), error unknown. 
The sublinear depth-reflectance trend seen in Figure 5.6 suggests that coal rank is predominantly 
controlled by temperature increases associated with burial depth. As such, maximum burial 
temperatures (Tpeak) were calculated based on the equation for burial heating (Eq. 2) provided by 
Barker and Pawlewicz (1994), with a corresponding Tpeak range of 81–111 °C for this study, and a 
Tpeak range of 54–114 °C for all data over the whole Chinchilla 4 interval, including those of Coote 
(1986) and Salehy (1986):  Tpeak=( ln(Rvo) +1.68)/0.0124.       (2) 
From this, a palaeogeothermal gradient of ~ 35 °C km-1 was calculated, which extrapolates to a 
maximum palaeosurface temperature of 66 °C (Figure 5.7). The ~ 35 °C km-1 palaeogeothermal 
gradient calculated in this study  is consistent with the 35 °C km-1 gradient assumed by Raza et al. 
(2009) for nearby well Rockwood 1, located 32 km SE of Chinchilla 4. (Raza et al., 2009) were 
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unable to use VR or apatite fission track (AFT) data for this well to calculate the palaeogeothermal 
gradient, but assumed a similar present-day gradient of ~ 35 °C km-1 to interpret a ~ 35–45 °C 
cooling, which corresponds to ~1–1.3 km denudation since cooling.  
By assuming past- and present-day geothermal gradients are also comparable for nearby Chinchilla 
4, the amount of denudation can be estimated using the difference between the maximum 
palaeosurface temperature (66 °C) and the present-day average surface temperature of 21 °C for the 
given latitude (Cull and Conley, 1983). This 45 °C cooling indicates an estimated denudation of 
~ 1.3 km for Chinchilla 4 (Figure 5.7), which is consistent with the denudation calculated by (Raza 
et al., 2009) for nearby well Rockwood 1. 
 
Figure 5.1: Estimated temperature profile for Chinchilla 4. Data for this study are shown with error bars. 
Existing data are from Coote (1986), error unknown. Peak burial temperatures calculated according to 
Barker and Pawlewicz (1994). Assuming similar past and present geothermal gradients, the difference 
between the estimated present-day and palaeogeothermal surface temperatures can be explained by ~1.3 km 
denudation (Raza et al., 2009). 
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5.4.2 Mineral composition and distribution 
5.4.2.1 Detrital components 
Samples in Chinchilla 4 range from very fine-grained massive or laminated carbonaceous 
mudstones to poorly-sorted fine- to coarse-grained sandstones (Figure 5.8a–d). Framework grains 
predominantly comprise monocrystalline quartz, minor to heavily clay-altered feldspar grains, 
micas and common lithic grains. Quartz grains range from well-rounded to angular, and frequently 
exhibit straight-edged authigenic overgrowths, heavy etching, fracturing and embayment, with 
occasional intragranular porosity (Figure 5.8d). Towards the base of the section, quartz grains are 
very poorly sorted, in part due to the presence of very fine quartz that appear to have resulted from 
grain shattering and/or the extensive dissolution of volcanic grains. Feldspar content varies 
considerably, ranging from ≤ 0.1% to 20–40% in sandstones and siltstones, with higher feldspar 
content found in the Evergreen Formation and the overlying Walloon Coal Measures. Detrital 
feldspar grains are both K-feldspar and plagioclase feldspar in composition, with the latter generally 
being more prevalent in Chinchilla 4 samples. Detrital micas occur as occasional to common flakes 
of muscovite in the Precipice Sandstone. In the overlying formations, micas are a major to moderate 
component and include biotite-group members. There appears to be a compositional variation of 
lithic fragments with depth. Relict lithics at the base of the section are generally of volcanic or 
metamorphic origin (as indicated by detrital polycrystalline quartz crystals), with increasing 
contribution by mudstones and siltstones towards the top of the section. It is uncertain if this change 
in composition is an artefact of preservation, with the more labile clasts more easily altered at the 
base of the sequence, as volcanic clasts are also relatively common towards the top of the section. 
Carbonaceous material is common in the Evergreen Formation, Hutton Sandstone and Walloon 
Coal Measures samples (Figure 5.8c). Detrital carbonates (calcite–ankerite) are rarely present as 
partially-reworked grains in GSQ Taroom 15. 
5.4.2.2 Authigenic clay minerals 
Authigenic clays are abundant in Chinchilla 4 and are identified by their distribution and habit in 
thin section and SEM observations. Authigenic kaolin, smectite, chlorite and illite are observed in 
Chinchilla 4. Clay content ranges from a minor (less than 2–5%) component in the more quartzose 
samples (Figure 5.8d), to up to 50% in very fine-grained intervals (Figure 5.8c). In general, kaolin 
and chlorite are the most common clay minerals, with locally-dominant smectite and minor to trace 
illite also observed. Smectite content is underestimated in almost all QEMSCAN analyses when 
compared with the corresponding XRD, whilst illite-muscovite appears to be overestimated. 
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Similarly, whilst illite-muscovite is shown as the dominant mineral in QEMSCAN (Figure 5.10f), 
in XRD and thin section the sample is identified to contain kaolin and detrital muscovite. It is 
uncertain whether this is an artefact of sampling location, or if QEMSCAN incorrectly identified 
smectite and kaolin as illite-muscovite. 
Kaolin is ubiquitous in Chinchilla 4 samples in varying proportions. It occurs as both grain-coating 
and pore-filling material (Figure 5.8d), and is found expanding mica flake cleavages, in a fine-
grained subhedral form, and vermiform and blocky habits (Figure 5.9a). Vermiform and blocky 
kaolin (± dickite) are restricted to the lower (deeper) intervals of the sequence, with the latter being 
less common in samples. Subhedral kaolinite is frequently found as a replacement product of 
feldspars and lithic fragments, and is commonly associated with Fe-oxide–hydroxides in severely 
leached intervals (Figure 5.8d), or with chlorite in clay-rich matrix material. The vermiform and 
very coarse-grained, blocky kaolin is predominantly found in open pores, whereas finer-graine 
kaolin occurs as grain coatings and pore linings. Chlorite occurs as a replacement product of coarse 
biotite flakes and lithics where it is associated with smectitic clays, in addition to coating grains and 
filling pores or intergrown with kaolinite as matrix material. Chlorite is also found in the cores of 
spheroidal early siderite in the Westgrove Ironstone Member in the Evergreen Formation, 
suggesting it, with kaolin, is one of the earliest authigenic products (Figure 5.9b,c). Observations in 
SEM suggest some grain-coating chlorite precedes kaolin infilling. Smectite is difficult to recognise 
in thin section and QEMSCAN; however, XRD indicates it is disseminated in almost all samples, 
albeit commonly in only very minor amounts. Smectite is associated with both pore-filling and 
grain-coating material, and is likely to be related to replacement processes when present in larger 
amounts. Illite-muscovite occurs in trace to moderate amounts, and from SEM appears to occur as a 
later-stage addition to pore-filling material.  
5.4.2.3 Authigenic cements 
Quartz overgrowths are common throughout the Lower Jurassic Surat Basin sequence (Figure 5.8a), 
although they are frequently poorly preserved due to corrosion and embayment, or obscured due to 
etching and fracturing (Figure 5.8d). Sub-euhedral grains of quartz allude to syntaxial overgrowths 
where dust rims are not apparent, and in some intervals melding of quartz grains has resulted from 
extensive cementation by quartz overgrowths. Quartz stylolites are prevalent in the quartzose 
intervals, and can contain Fe-oxides, fine-grained siderite and/or chlorite. Apparent extensive 
overprinting of remnant detrital grains by authigenic quartz is evident in some samples, in addition 
to quartz overgrowths. 
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Authigenic carbonates are a common minor component of Chinchilla 4 samples, and include 
siderite, calcite, and mixed-composition ankerites. Siderite generally occurs in trace to minor 
amounts as part of a grain-replacive microcrystalline matrix, which is commonly associated with 
chlorite or biotite, Fe-oxides, and/or ankerites of mixed but generally Fe-rich composition (Figure 
5.10a, d), in addition to the siderite found in stylolites and organic-rich intervals (Figure 5.8c). 
Siderite is more abundant in the very fine-grained intervals of the Evergreen Formation and Hutton 
Sandstone, with trace amounts also present in sandstones. In the Westgrove Ironstone Member, 
siderite occurs both as sheets of pervasive cement and as spheroidal recrystallised ooids with 
chloritic cores (Figure 5.9b, c). Minor calcite is also found in this interval, where it appears to post-
date siderite (Figure 5.9b–d). Calcite predominantly occurs as a minor to locally major phase 
infilling and cementing pores, and tends to occur in sandstones rather than siltstone or mudstones. 
Pore-filling calcite tends to post-date the majority of pore-lining clay, but potentially pre-dates some 
pore-filling replacement kaolin, where it also exhibits partial etching and resorbing (Figure 5.8a). In 
general, carbonate content increases towards the top of the interval (with the exception of the 
heavily siderite cemented Westgrove Ironstone Member), and is virtually absent in the Precipice 
Sandstone, where only trace vestiges of calcite are observed. Where it exists as a major phase, 
calcite is observed to partially replace framework minerals, including feldspars and quartz, as 
evident by the presence of skeleton grains and embayments in subhedral quartz grains and 
overgrowths (Figure 5.8a). In heavily cemented zones, calcite and/or sericite infill fractures in 
quartz grains. 
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Figure 5.8: Photomicrographs of a) calcite-cemented coarse-grained Hutton Sandstone 799.6 m, b) fine-
grained, poor quality Hutton Sandstone 835.6 m, c) very fine-grained Evergreen Formation 1017.3 m, d) 
dissolution porosity in Precipice Sandstone 1197.8 m. Black arrows = authigenic overgrowths (8a) or 
stylolites (8d), white arrows = pore-bridging clay drapes, Em = embayments, Eu = euhedral grain edge, EC = 
etched calcite, EQ = etched quartz, P = porosity, F = intragranular fracture, Ig =  intragranular porosity, Sty = 
stylolite, Q = quartz, Ka = kaolin, C = calcite, L = lithic, Fp = feldspar, Fe = Fe-oxides/hydroxides, I/M = 
illite/muscovite, M = muscovite, Ch = chlorite, Ak = ankerite, Sd = siderite, Px = polycrystalline quartz. 
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Figure 5.9: SEM-EDS examples of diagenetic minerals in the Lower Surat Basin: a) subhedral, platy to 
blocky kaolin with insipient dickite (arrows) and well-formed vermiform kaolinite (inset); b) calcite and 
siderite replace porous kaolinite-altered plagioclase-rich volcaniclastic. Recrystallised spheroidal siderite 
with chlorite cores; c) calcite appears to infiltrate pores after extensive siderite cementation, showing signs of 
post-dating siderite with Fe-incorporation at rims. “Early” siderite shows recrystallisation to form subhedral 
rhombs that surround chlorite cores; d) siderite in expanded kaolin-altered biotite flakes, calcite replaces or 
infills altered K-feldspar, siderite is commonly associated with ankerite and chlorite. Q = quartz, Ka = 
kaolinite, Sd = siderite, Ca = calcite, Ak = ankerite, Ch = chlorite, Bi = biotite-group (An = annite, Fe-
biotite), Pf = plagioclase feldspar, Kf = K-feldspar, Ti = TiO2, Py = pyrite. 
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Figure 5.10: QEMSCAN mineral distributions for Surat Basin samples: Hutton Sandstone a) 835.55 m, b) 868.00 m; Evergreen Formation c) 
980.16 m), d) 1017.33 m, e) 1082.50 m; and Precipice Sandstone f) 1197.75 m. Brackets indicate components present within the matrix, or not in view. 
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5.4.3 Porosity and permeability characteristics 
Porosity and permeability within Chinchilla 4 (Figure 5.11) was investigated using several 
techniques, including He pycnometry, Hg porosimetry and image analysis of micro-computed 
digital tomography (micro-CT). As observed in existing general studies of the Surat Basin, porosity 
varies beyond simple depth trends. In general, higher porosities are found in the Precipice 
Sandstone (helium porosities of 21–23%), compared to the far more variable Evergreen Formation 
(7–23%) and Hutton Sandstone (9–19%). In general, measured helium porosity was greater than 
porosity measured by Hg porosimetry and micro-CT image analysis techniques, likely in part due to 
the increased range of pore sizes accessed by helium. Visual examples of pore interconnectivity 
within the Chinchilla 4 samples are shown in Figure 5.12. 
Permeability ranges from negligible to very high, with the highest permeability samples taken from 
the Precipice and Hutton sandstones. Measured Hg permeabilities are compared with porosity and 
XRD mineralogy for selected samples in Figure 5.13. QEMSCAN-derived mineralogy was not used 
in the comparison due to the high unidentified mineral content in some of the samples. 
Interestingly, although a positive correlation between porosity and permeability does exist (R2 = 
0.78), stronger associations can be made between permeability and total clay content (R2 = 0.91), 
quartz content (R2 = 0.83), or chlorite or illite-muscovite content (R2 = 0.81 each). Of the clays, 
kaolin was observed to have the least impact on permeability (R2 = 0.49), suggesting its effect is 
limited when compared with the other major clay types (i.e. chlorite, smectite and illite). This is 
likely to result from a combination of differing clay morphologies and facies associations. Kaolin is 
ubiquitous in Chinchilla 4 samples, occurring in both mudrocks and coarse sandstones, where it 
exists as discrete pore-filling particles, coating pores and pore throats only when associated with 
chlorite or Fe-oxides. On the other hand, chlorite, smectite and illite may preferentially occur in 
finer-grained, quartz-poor intervals, and are shown to completely fill pores (Figure 5.10a, b). This 
suggests that although porosity likely does influence permeability on the whole, additional factors 
such as diagenetic mineralogy also play a part, with increasing clay content and decreasing quartz 
content associated with lower permeabilities. 
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Figure 5.11: Summary well diagram for Chinchilla 4, showing traditional and proposed revised (Ziolkowski et al., 2014) stratigraphic picks, gamma ray (GR), 
relative (air probe) and measured (Hg) permeability, measured (He and Hg) porosity, and modal mineral assemblage as determined by XRD and QEMSCAN. 
Mineral colours are consistent with those of Figure 5.10. 
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As seen in Figure 5.13, permeability is strongly correlated with median pore radius (R2 = 0.95), 
suggesting pore radius and pore-throat diameter exert considerable control on permeability. Pore 
morphology is likely to be at least partly influenced by grainsize and facies, but can also be 
influence by diagenetic processes. Although the presence of clays is not in of itself a controlling 
factor of reservoir quality, with Fertl and Frost (1980) wisely pointing out that “Exceptionally 
few… clastic reservoir rocks are essentially free of clay minerals”, it is widely recognised that clay 
minerals exert considerable influence on the fluid transport properties of reservoir rocks. As Wu 
and Berg (2003) note, the introduction of clays to a pore space can reduce pore size and pore-throat 
diameter, having almost negligible effect on total porosity but significantly impacting effective or 
accessible porosity. The data for this study corroborates this relationship, revealing a poor 
correlation between measured porosity and pore radius (R2 = 0.33).  
There is a good relationship between interconnectivity between pores (Figure 5.12) and 
permeability (R2 = 0.83). Interestingly, ranges in pore interconnectivity are found in both fine-
grained (Figure 5.12b) and coarse-grained samples (Figure 5.12a, c–d). 
 
Figure 5.12: Examples of porosity interconnectivity derived from 3D tomogram segmentation of sub-plugs 
from the Lower Surat Basin sequence in Chinchilla 4: a) Hutton Sandstone 828.8 m; b) Evergreen Formation 
980.2 m, c) 1082.5 m, and d) 1182.9 m; e) Precipice Sandstone 1207.6 m. 
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Figure 5.13: Relationship between permeability (derived from MICP) and rock components for adjacent 
Chinchilla 4 samples (derived from He pycnometry and XRD). The strongest correlations with permeability 
are seen for pore diameter and total clay content (illite-muscovite + kaolin + chlorite + smectite). Low 
chlorite and illite-muscovite, and high quartz content also potentially indicate favourable permeability. 
5.4.4 Isotopic analysis 
5.4.4.1 Carbonate isotopic compositions 
Measured oxygen (δ18O) and carbon (δ13C) isotope data for 12 Chinchilla 4 carbonates are provided 
in Table 5.3. Overall, the Surat Basin carbonates exhibit a relatively wide range of δ13C and δ18O 
values. Carbon isotopic values range from strongly negative (−13.9 ‰) to moderately positive 
(6.6 ‰) with respect to VPDB. In general, δ18OVSMOW values of the Chinchilla 4 samples are 
moderately positive, predominantly occurring in the range of ~5 ‰ to 14 ‰ (Figure 5.14a). An 
exception to this is the calcite-cemented sample from Hutton Sandstone at ~799 m, which is 
strongly positive at ~25 ‰. 
The majority (12 out of 13) of the calcite samples plot within a single population with a narrow 
positive δ18O range of ~5–10 ‰ and a broad range of δ13C values (Figure 5.14), which also 
encompasses the ankerite sample. This behaviour is representative of meteoric diagenesis, with the 
range in δ13C reflecting mixing between different carbon reservoirs, and the narrow δ18O range 
reflecting a single fresh groundwater reservoir and a relatively narrow temperature interval (Allan 
and Matthews, 1982; Bertier et al., 2008). The remaining calcite sample, a pervasively-cemented 
sample from the Hutton Sandstone, is strongly positive at 24.7 ‰, and as such is distinctly different 
to the other calcite samples (Figure 5.14). The isotopic composition of the main calcite population 
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appears to be comparable with the siderite population, which is somewhat more 18O enriched (~9–
14 ‰) with a moderately broad δ13C range (−5.4 to +6.8 ‰). This may indicate siderite formed at a 
different temperature or time to calcite, whilst also suggesting similar isotopic sources and 
processes between carbonates species, with the dolomite sample plotting with the majority of the 
siderites and the ankerite sample plotting within the main calcite population. 
Although no statistically significant trends with depth exist for δ13C or δ18O, samples taken from the 
same formation tend to have similar isotopic compositions, regardless of the carbonate species 
(Figure 5.14b). The relatively heavy δ13C values (~2–7 ‰) of some carbonate samples from the 
Gubberamunda Sandstones, Westgrove Ironstone Member, and Tangalooma Sandstone likely 
reflect biogenic input from methanogenesis (Figure 5.14b), following biodegradation of organic 
matter at a shallow depth (Mozley and Wersin, 1992). Additional potential sources of positive δ13C 
values in continental (lacustrine) environments proposed by Bahrig (1988) include selective 
depletion of 12C by algae, and recycled bicarbonate from dissolved calcite.  
Despite the lower Jurassic Surat Basin interval being dominated by fluvial processes in the study 
area, some marine influence on carbonate δ13C may be expected during diagenetic interactions with 
nearshore intervals towards the top of the section and reflected in the intermediate to somewhat 
depleted δ13C values. The relatively negative δ13C values (as low as −13.4 ‰) of carbonates in the 
Evergreen Formation and Taroom Coal Measures (Figure 5.15) likely reflect a contribution from 
microbial fermentation ± early thermogenic processes (Carothers and Kharaka, 1980). 
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Table 5.3: Carbon and oxygen isotope compositions of carbonate samples from Chinchilla 4. 
Depth 
(m) 
Carbonat
e species Unit 
Mineral compositions (‰) Modelled δ
13CVPDB fluid isotopic 
compositions (‰)a 
Modelled δ18OVSMOW fluid isotopic 
compositions (‰)b 
δ13CVPDB δ18OVPDB δ18OVSMOW 40 °C 60 °C 80 °C 100 °C 120 °C 40 °C 60 °C 80 °C 100 °C 120 °C 
120.27 Calcite Gubbera. Ss 6.5 -23.0 7.2 4.5 5.0 5.2 5.3 5.2 -18.2 -14.9 -12.2 -9.8 -7.9 
580.73 Calcite Gubbera. Ss 6.6 -23.9 6.3 4.7 5.1 5.4 5.5 5.4 -19.2 -15.9 -13.1 -10.8 -8.8 
582.96 Calcite Tangal. Ss 2.4 -24.4 5.7 0.4 0.9 1.1 1.2 1.1 -19.7 -16.4 -13.7 -11.4 -9.4 
584.59 Calcite Tangal. Ss -3.3 -22.3 8.0 -5.3 -4.8 -4.5 -4.5 -4.5 -17.5 -14.2 -11.4 -9.1 -7.1 
646.59 Calcite Taroom CM -6.8 -23.8 6.4 -8.8 -8.4 -8.1 -8.0 -8.1 -19.1 -15.8 -13.0 -10.7 -8.7 
652.83 Calcite Taroom CM -13.4 -22.7 7.6 -15.4 -14.9 -14.7 -14.6 -14.7 -17.9 -14.6 -11.8 -9.5 -7.5 
799.57 Calcite Hutton Ss 0.8 -6.1 24.7 -1.2 -0.7 -0.4 -0.4 -0.4 -0.8 2.5 5.3 7.6 9.6 
1025.45 Calcite W. Iron. M. -4.5 -23.4 6.8 -6.5 -6.0 -5.8 -5.7 -5.8 -18.7 -15.4 -12.6 -10.3 -8.3 
1032.68 Calcite W. Iron. M. -5.2 -23.7 6.5 -7.2 -6.7 -6.5 -6.4 -6.5 -19.0 -15.7 -12.9 -10.6 -8.6 
1051.95 Calcite Everg. Fm -2.5 -22.6 7.7 -4.5 -4.0 -3.8 -3.7 -3.8 -17.8 -14.5 -11.7 -9.4 -7.4 
1099.79 Calcite Everg. Fm -9.6 -22.6 7.6 -11.6 -11.1 -10.9 -10.8 -10.9 -17.9 -14.6 -11.8 -9.5 -7.5 
1143.00 Calcite Everg. Fm -8.8 -23.8 6.4 -10.8 -10.3 -10.1 -10.0 -10.1 -19.1 -15.8 -13.0 -10.7 -8.7 
1151.77 Calcite Everg. Fm -6.2 -21.3 8.9 -8.2 -7.7 -7.5 -7.4 -7.5 -16.6 -13.3 -10.5 -8.2 -6.2 
1033.32 Dolomite W. Iron. M. -3.6 -20.3 9.6 -7.6 -6.9 -6.5 -6.3 -6.2 -19.4 -15.4 -12.1 -9.3 -7.0 
652.83 Ankerite Taroom CM -13.9 -24.0 5.8 -17.9 -17.2 -16.8 -16.6 -16.5 -23.2 -19.2 -15.9 -13.1 -10.8 
120.27 Siderite Gubbera. Ss 6.8 -21.7 9.2 4.8 5.3 5.6 5.6 5.6 -19.2 -15.5 -12.4 -9.8 -7.6 
1025.45 Siderite W. Iron. M. 5.7 -17.4 13.7 3.7 4.2 4.4 4.5 4.4 -14.7 -11.0 -7.9 -5.3 -3.1 
1032.68 Siderite W. Iron. M. 1.9 -17.3 13.7 -0.1 0.4 0.6 0.7 0.6 -14.7 -11.0 -7.9 -5.2 -3.0 
1151.77 Siderite Everg. Fm -5.4 -20 10.9 -7.4 -6.9 -6.7 -6.6 -6.7 -17.5 -13.8 -10.7 -8.1 -5.9 
a Fluid δ13C compositions were calculated using the calcite–CO2 (for calcite and siderite) and dolomite–CO2 (for dolomite and ankerite) fractionation equations for 
near-neutral alkaline conditions provided by (Ohmoto and Rye, 1979). 
 b Fluid δ18O compositions were calculated using calcite–water (O'Neil et al., 1969; Friedman and O'Neil, 1977), dolomite–water (Horita, 2014), and siderite-water 
(Carothers et al., 1988) fractionation equations.  
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Figure 5.14: Carbon and oxygen isotopic compositions for Chinchilla 4 carbonate samples from the Surat 
Basin: a) main calcite and siderite populations are highlighted, one calcite sample plots distinctly differently 
to the rest; b) carbonate isotopic composition fields for analysed formations. 
 
Figure 5.15: Modelled source-fluid composition ranges and proposed processes affecting the carbon and 
oxygen isotopic compositions of carbonates in the Lower Jurassic Surat Basin sequence. 
5.4.4.2 Source-water isotopic compositions 
During carbonate precipitation in an isothermal regime, fluid oxygen isotope compositions will be 
depleted relative to the initial pore waters because of the preferential mineral uptake of 18O (e.g. 
O'Neil et al., 1969; Carothers et al., 1988). However, in water-dominated systems that contain a 
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considerable oxygen pool, such as in aquifers, carbonate precipitation is unlikely to significantly 
alter the δ18O value of the groundwater. In contrast, carbon isotopic compositions of source fluids 
can vary substantially due to mineral fractionation, even in water-dominated systems. This is due to 
the selective uptake of 13C by carbonate minerals, a process that is strongly influenced by 
temperature (Zheng, 1999). 
Oxygen and carbon isotope compositions for fluids presumed to be in equilibrium with precipitated 
carbonates were modelled using the calcite–water (O'Neil et al., 1969; Friedman and O'Neil, 1977), 
dolomite–water (Horita, 2014), and siderite-water (Carothers et al., 1988) fractionation equations.  
Temperatures of 40 °C, 60 °C, 80 °C, 100 °C, and 120 °C were used during isotopic source fluid 
modelling (Table 5.3), which are in line with the maximum burial temperatures derived for 
Chinchilla 4 from VR analysis from this and previous studies (Figure 5.7). 
Modelled oxygen isotopic compositions for the main calcite group are strongly depleted in 18O, and 
exhibit the relatively narrow range of −14.9 to −11.7 ‰ when temperature is calculated by depth 
determined by vitrinite reflectance, and the slightly broader and less depleted range of ~ −12 ‰ to 
~ −6 ‰ for the given predicted temperature range of between 80–120 °C. These pore-water isotopic 
compositions are considerably lower than expected for sedimentary basins at similar latitudes, 
which are moderately to strongly 18O-enriched at mid- to low-latitudes in the US and elsewhere 
(Clayton et al., 1966). As such, the depleted nature of modelled fluid oxygen isotopic compositions, 
in addition to the relatively narrow range in δ18O values, suggests considerable input by meteoric 
waters during the precipitation of the main calcite population in Chinchilla 4 (Figure 5.15).  
In general, modelled oxygen isotopes for two carbonate species measured in the same sample (i.e. 
calcite and siderite at 120.3 m, calcite and ankerite at 652.8 m, calcite and siderite at 1151.8 m) 
display comparable isotopic compositions for source fluids for a given temperature (Table 5.3). 
Minimal differences between modelled isotopic fluid compositions (only 0.3–0.5 ‰ difference at 
120 °C and 1.0–1.5 ‰ at 80 °C) are recorded between carbonate members in these samples, and are 
attributed to the different mineral-fluid fractionation factors of the species at a given temperature. 
This indicates both species of carbonate were likely to be precipitated under similar depth and 
temperature conditions. However, this is not the case for the modelled δ18O fluid compositions for 
calcite and siderite measured in samples taken from 1025.5 m and 1032.7 m. In these samples, both 
located in the Westgrove Ironstone Member, much larger differences in calculated δ18O fluid 
compositions (~5 ‰ at 120 °C and 6 ‰ at 80 °C) occur between carbonate species in the same 
samples. This potentially reveals two generations of carbonate precipitation within this unit, with 
siderite needing to be precipitated at temperatures ~ 20–40°C cooler than calcite in both samples to 
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obtain similarly comparable δ18O fluid compositions. This is supported by SEM-EDS observations, 
where this “early” siderite is shown to form subhedral rhombs, suggesting recrystallisation or 
overgrowth of primary ooidal siderite. 
Modelled oxygen isotope compositions for the strongly δ18OSMOW positive calcite sample from the 
Hutton Sandstone at 799.6 m differ substantially from the remaining samples, regardless of the 
temperature used in modelling. For this sample, δ18O fluid compositions are calculated as +9.6 ‰ at 
120 °C and +5.3 ‰ at 80 °C, in stark contrast to the moderately- to strongly-negative δ18O fluid 
compositions modelled for the remaining calcite samples (−9.4 ‰ to −6.2 ‰ at 120 ° and −13.7 ‰  
to −10.5 ‰ at 80 °C). This suggests that unlike the remaining samples from Chinchilla 4, the 
sample from 799.6 m may be the result of mixing between meteoric water and highly isotopically-
evolved basinal fluids, which could be strongly enriched in 18O (e.g. δ18OVSMOW = +2 ‰ to +9 ‰; 
Egeberg and Aagaard (1989)) due to extensive fluid-rock interactions with 18O-rich minerals (e.g. 
carbonates, feldspars, biotites, micas etc.; Hoefs (2009)) in open-system conditions over long time 
scales (Figure 5.15). 
5.4.4.3 Kaolin isotopic compositions 
Measured oxygen (δ18O) and hydrogen (δD) isotopic compositions for the measured Chinchilla 4 
samples are provided in Table 5.4. Kaolins from the lower Jurassic sequence in the Surat Basin 
exhibit relatively similar isotopic compositions, with δ18O values ranging from 2.1 ‰ to 5.9 ‰ 
(mean = 4 ± 1.3 ‰) and a relatively negative δD range of −110.0 ‰  to −93.8 ‰ (mean = 
−106 ± 5.5 ‰). 
Fluid compositions in isotopic equilibrium with kaolins were modelled using the equilibrium 
fractionation equations for hydrogen and oxygen isotopes given in Sheppard and Gilg (1996). 
Modelled pore fluids assumed to be in isotopic equilibrium with kaolin samples plot proximal to the 
meteoric water line (MWL), indicating considerable influence by meteoric water (Figure 5.16). 
Simple mixing between meteoric and oceanic water would result in the modelled isotopic fluid 
compositions plotting on a mixing line joining the MWL and SMOW (Connolly et al., 1990). 
However, the fluids from the Surat Basin extend to the right of this mixing line, with a larger 
relative 18O enrichment and minimal enrichment in D. This suggests some isotopic interaction with 
the host rock, potentially including the processes such as albitisation of detrital feldspars and the 
equilibration of formation waters with calcite (Connolly et al., 1990). The latter is plausible due to 
the presence of minor amounts of carbonates within the interval that are variably enriched in 18O 
relative to the fluids precipitating kaolin. This impact is not unequivocally apparent as the modelled 
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fluids precipitating kaolin in the sample that also contain strongly positive δ18O calcite (799.6 m) 
are not more enriched in 18O than the others (Table 5.4). However, fluid equilibration with calcite 
necessarily requires a carbonate generation that preceded kaolinite precipitation, and in this sample 
it is evident that calcite post-dates the bulk of kaolin formation.  
Fluid hydrogen isotope values are less affected by fluid-rock interaction processes because of the 
low hydrogen content of rocks. Instead, authigenic clay mineral isotopic values are controlled by 
the fluid hydrogen isotope composition (Sheppard, 1986), presuming isotopic exchange has not re-
equilibrated hydrogen-isotope compositions since kaolin precipitation (Longstaffe and Ayalon, 
1990). Further interactions between meteoric water and host rocks would drive the isotopic 
composition away from the MWL at a low angle, which is reasonable in a system open to meteoric 
water input and with a relatively high water/rock ratio. By extrapolating the kaolin values to the 
MWL, an initial δD composition of ~ −88.5 ‰ can be estimated, which corresponds to an oxygen 
isotopic composition of ~ −12 ‰. This isotopic composition is in line with the δ18O compositions 
that were estimated from carbonate cements in the same samples, and is also comparable to the 
isotopic compositions of fluids precipitating authigenic clays (−12.5 to −11 ‰) in the underlying 
Late Triassic upper Bowen Basin (Uysal et al., 2000b). 
Interestingly, there may be some correlation between poropermeability and fluid evolution from the 
MWL, suggesting more extensive fluid–rock interaction and isotopic exchange in more permeable 
intervals, although given the small sample size this correlation is speculative. 
 
Figure 5.16: Modelled fluids in isotopic equilibrium with kaolins, plotted with meteoric water line (MWL) 
and standard mean ocean water (SMOW) for reference. Evolution from an original isotopic composition on 
the MWL to more positive δ18O values (shown with an arrow) is explained largely by isotopic exchange 
between the host rocks and waters.  
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Table 5.4: Oxygen and hydrogen isotopic compositions of kaolin samples from Chinchilla 4. 
Depth 
(m) 
Grain 
size 
(μm) 
Formation 
Mineral (‰) Modelled δ
18OVSMOW fluid 
isotopic compositions (‰) 
Modelled δDVSMOW fluid 
isotopic compositions (‰) 
VR 
Temp. 
(°C) 
δ18OVSMOW 
δ18OVSMOW δDVSMOW 
60 
°C 
80 
°C 
100 
°C 
120 
°C 
60 
°C 
80 
°C 
100 
°C 
120 
°C Water 
646.48 <2 µm Taroom CM 4.7 -109.6 -13.4 -10.7 -8.4 -6.4 -82.0 -84.2 -86.1 -87.6 89 -9.6 
799.57 <2 µm Hutton Ss 3.0 -109.4 -15.1 -12.4 -10.1 -8.1 -81.9 -84.1 -85.9 -87.5 95 -10.6 
980.16 <2 µm Hutton Ss 2.9 -108.1 -15.2 -12.4 -10.1 -8.2 -80.5 -82.7 -84.6 -86.1 101 -10.0 
1151.68 <2 µm Evergreen Fm 4.8 -93.8 -13.3 -10.5 -8.2 -6.3 -66.3 -68.4 -70.3 -71.8 107 -7.5 
1182.87 <2 µm Evergreen Fm 2.1 -110.0 -16.0 -13.2 -10.9 -9.0 -82.5 -84.7 -86.5 -88.1 109 -10.1 
1192.99 <4 µm Precipice Ss 4.1 -102.9 -14.0 -11.3 -9.0 -7.0 -75.4 -77.6 -79.4 -81.0 109 -8.0 
1207.64 <2 µm Precipice Ss 5.9 -105.1 -12.2 -9.5 -7.2 -5.2 -77.6 -79.8 -81.6 -83.2 109 -6.2 
1207.64 <4 µm Precipice Ss 4.8 -109.0 -13.4 -10.6 -8.3 -6.4 -81.5 -83.7 -85.5 -87.1 109 -7.4 
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5.4.5 Long-term geochemical modelling 
Long-term geochemical modelling was undertaken for Surat Basin samples with varying 
mineralogies (Table 5.1) by extrapolating on the short-term (18 day) simulations presented in the 
experimental CO2–water–rock results of Farquhar et al. (2014). Long-term simulations were run for 
30 years, representing a typical CO2 injection period, at simulated in situ P–T conditions of 120 bar 
and 60 °C. It is important to note these numerical modelling simulations were conducted without 
continuous flow of fluid and with high fluid-rock ratios as they were based on the short-term 
experiments of Farquhar et al. (2014). 
Following the initial introduction of CO2, the evolution of pH (Figure 5.17) shows buffering by 
reservoir rock for all samples, with carbonates in particular (calcite, ankerite and siderite) reacting 
quickly with CO2, causing a rapid increase in pH in the first couple of years as the rock reacts with 
the CO2-saturated water. The pH minima and degree of recovery is dependent on mineralogy, with 
the least mineralogically-reactive sample (Precipice Sandstone) showing the lowest initial pH and 
least recovery, reaching a maximum pH of ~4, and the most carbonate- (calcite-) rich sample 
resulting in the most buffering, reaching a pH of ~4.8. 
 
Figure 5.17: Predicted long-term evolution of pH for five samples of Surat Basin rocks given a 30-year CO2 
injection period. Simulations are extrapolations of the short-term kinetic modelling presented in Farquhar et 
al. (2014). 
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Figure 5.18: Predicted long-term evolution of minerals given a 30-year CO2 injection period. Simulations are 
extrapolations of the short-term simulations from Farquhar et al. (2014). 
Long-term modelled changes in predicted mineralogy (Figure 5.18) predict both dissolution and 
precipitation of minerals for all samples for a simulated CO2 injection period of 30-years (Figure 
5.18). Dissolution of carbonates (calcite, ankerite ± siderite), chlorite, biotite-group members, albite 
and K-feldspar is predicted by numerical modelling of long-term CO2 exposure. The simulated 
evolution of selected fluid components over 30 years of CO2 injection is presented in Figure 5.19.  
Predicted evolution of minerals during long-term (30-year) exposure to CO2 (Figure 5.18) reveals 
rapid dissolution of carbonates and chlorite during the first 1–3 years, and slower dissolution of 
biotite-group members (phlogopite and annite) in all samples. This is commonly represented by 
sharp increases in dissolved Fe, Ca, and SiO2(aq) ± Mg, and slower increases in K ± Mg (Figure 
5.19). Only minor dissolution of feldspars is observed. Rapid dissolution of silica (modelled as 
chalcedony) is observed in the chemically poorly-reactive sample from Precipice Sandstone. 
Products of these reactions commonly include kaolinite, siderite, smectite and chalcedony 
(amorphous silica), and dolomite precipitation was also observed in one sample (Evergreen 
Formation 1138 m).  
Table 5.5 provides a comparison of the net changes in mineralogy based on initial and final 
molalities predicted after reaction with CO2 for 30 years. For all samples, carbonates and Fe-
chlorites show the most dissolution (up to 100% of initial content), suggesting these minerals are 
the most susceptible to chemical reaction with CO2.  
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Table 5.5: Modelled change in whole-rock mineralogy following long-term (30-year) reaction with CO2. 
  Proportion dissolved (% of initial concentration) 
Minerals P386 E368 E289 H279 H256 
Chalcedony 0.09 -2.40 -2.47 -1.18 -0.03 
K-feldspar 0.25 0.75 1.14 0.04 0.10 
Albite 0.58 2.02 2.80 0.08 0.26 
Illite 0.01 0.00 0.00 0.00 0.00 
Smectite 1.18 0.76 -58.24 -22.62 -26.88 
Kaolinite -0.05 0.00 -17.92 -52.33 -13.09 
Fe-chlorite (Fe75Mg25) 100.00 100.00 100.00 87.08 99.35 
Annite 99.96 N/A N/A N/A N/A 
Phlogopite N/A 99.78 N/A 63.19 100.00 
Calcite N/A 100.00 100.00 15.94 34.05 
Ankerite (Ca50Fe35Mg15) 99.57 76.91 100.00 15.94 10.01 
Siderite (Fe90Mg10) 71.82 -134.16 100.00 15.94 -14.47 
Hematite 0.00 0.00 0.00 0.00 0.00 
Observed mineral precipitates include kaolinite, smectite, silica and siderite. Although siderite 
precipitation was observed in all samples bar one (Precipice 1192 m), net increases to initial siderite 
contents were only predicted for two samples, Evergreen 1138 m and Hutton 799 m, with a 130% 
and 14% net increase recorded, respectively (Figure 5.19). These results suggest that during CO2 
injection, mineral trapping of CO2 will be relatively minor and likely initially limited to the 
precipitation of siderite due to the relatively iron-rich composition of the reactant samples. 
 
Figure 5.19: Predicted long-term evolution of selected major cations given a 30-year CO2 injection period. 
Simulations are extrapolations of the short-term simulations from Farquhar et al. (2014). 
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5.5 Linking fluid-flow history and diagenesis  
5.5.1 Implications of isotopic mineral and source-fluid compositions 
5.5.1.1 Siderite 
In the study wellbore, siderite occurs in both carbonaceous mudrocks and in fine-grained 
sandstones. The siderite that occurs in very fine-grained, carbonaceous intervals likely reflects 
organic-rich, anaerobic non-sulphidic precipitation conditions (Berner, 1981). The δ18O and δ13C 
values of the siderites provide insight into the diagenetic processes occurring. Oxygen isotope 
compositions of siderite exhibit a relatively narrow range of δ18O values (9.2–13.7 ‰), indicative of 
freshwater formation conditions (Allan and Matthews, 1982; Bertier et al., 2008). Although quite 
variable, marine siderites tend to have δ13C values lighter than −8 ‰, with more positive values 
potentially indicating freshwater environments (Mozley and Wersin, 1992). Siderite δ13C values in 
Chinchilla 4 range from −5 ‰ to 7 ‰, indicating formation in freshwater conditions, rather than in 
a marine environment.  
The carbon isotopic composition of siderites is predominantly controlled by the 13C composition of 
CO2 produced from the decomposition of organic matter by bacteria.  Siderites with more positive 
δ13C values likely reflect input from methanogenic processes, whilst negative δ13C values indicate 
biogenic or thermogenic processes. Biogenic processes are interpreted to have had a greater impact 
on δ13C composition than formation water source (i.e. meteoric, seawater or mixed-source), 
consistent with the findings of Fritz et al. (1971) that the carbon isotopic composition of siderites 
precipitated during diagenesis is largely determined by the isotopic composition of carbon dioxide 
produced during decomposition of organic material. Siderite derived from the degradation of 
organic matter will reflect the carbon isotope composition of the produced CO2 or dissolved 
bicarbonate that lead to carbonate supersaturation (Coleman, 1993). 
The very trace amounts of early diagenetic pyrite rule out significant anoxic sulphidic processes, 
whereby bacteria reduce ferric iron and sulphate, indicating 13C-depleted carbon dioxide and/or 
bicarbonate was sourced from organic matter (Berner, 1981; Baker et al., 1996). As such, the range 
of δ13C values in Chinchilla 4 siderites likely reflect mixed carbon sources, with positive δ13C 
values related to methanogenesis and negative δ13C values reflecting microbial fermentation and/or 
thermogenic processes (Baker et al., 1996). Siderite formation temperatures of less than 80 °C are 
likely for precipitation of early siderites associated with fermentation of organic material at 
relatively shallow depths (Carothers and Kharaka, 1980). Source-fluid isotopic modelling reveals 
that siderite precipitated from fluid oxygen isotopic compositions of around −12 to −10 ‰, within a 
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predicted temperature range of ~ 60–100 °C. From this, at least two generations of siderite are 
identified (Figure 5.20), with an earlier generation at lower temperatures (~60 °C) that reflects 
predominantly methanogenic processes, and a later generation formed at ~ 20–40 °C higher 
temperatures with mixed (methanogenic, biogenic and/or thermogenic) carbon sources.  
In SEM, this early-generation siderite (siderite II) is seen to be partly recrystallised from a pre-
cursor siderite (I), as seen from the formation of subhedral rhombic siderite from spheroidal siderite 
ooids with chlorite-rich cores. This is at odds with the statement made by Mortimer and Coleman 
(1997) that “…there is little evidence for siderite recrystallisation during diagenesis”. A 
considerable amount of Fe must be available for extensive siderite precipitation to occur in the 
Westgrove Ironstone Member (Figure 5.9b–d). Mozley and Carothers (1992) propose that the Fe in 
siderite is sourced from the breakdown of Fe-rich minerals in nearby mudrocks. This appears to be 
consistent with our findings, which show that siderite is frequently associated with Fe-rich minerals 
such as Fe-chlorite and annite, the Fe-rich biotite-group member (Figure 5.9b–d). Wilkinson et al. 
(2000) discuss that for the freshwater-derived Middle-Jurassic Brent Group siderite concretions, the 
formation of spheroidal siderite is likely to be associated with Fe-reduction, as oxic conditions 
would favour the precipitation of Fe3+, rather than siderite (Fe2+). Although the siderite formation 
environment for the Westgrove Ironstone Member is similar, input of CO2 residual from 
methanogenesis, rather than sub-oxic Fe-reduction, is indicated by the carbon isotopes. Although 
trace amounts of pyrite are found in the Precipice Sandstone (Figure 5.9a), no pyrite is observed in 
the Westgrove Ironstone Member, ruling out sulphate reduction and sulphate-rich pore waters. 
This evidence suggests that recrystallised siderite II formed in a methanogenic zone with input from 
meteoric waters, at temperatures and depths greater than the traditional shallow burial depths that 
are widely assumed for siderite precipitation (e.g. Mortimer and Coleman, 1997), warranting further 
investigation. Both later generations of siderite (II and III) indicate microbial degradation of organic 
matter occurred under thermophilic conditions (60–100 °C). It is likely that recrystallisation of 
siderite I by siderite II resulted in at least partial overprinting of the isotopic signature, meaning the 
initial siderite (I) may have formed under the shallower, lower-temperature (and potentially oxic or 
suboxic conditions) described by Wilkinson et al. (2000) for spheroidal siderite formation. 
5.5.1.2 Main calcite population and mixed carbonates 
In general, calcite occurs as a minor to trace phase throughout Chinchilla 4, being more prevalent in 
the coarser-grained intervals, with the exception of a single heavily cemented sample in the Hutton 
Sandstone. Calcite stable isotopes indicate the majority of samples formed over a relatively narrow 
δ18O range and a broad δ13C range, which is characteristic of a meteoric source fluid. Similar to the 
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formation of siderites, the variation in δ13C within the main calcite population (calcite I) is 
attributed to mixed carbon sources, with more positive δ13C values reflecting methanogenic input 
and more negative δ13C values reflecting microbial fermentation and/or thermogenic processes. 
Mineral and fluid isotopic compositions also identify two populations of calcite (Figure 5.20). The 
δ18O of the main population of calcite indicates a meteoric-dominated fluid source, with a relatively 
narrow range of δ18O values (5.7–8.9 ‰). This is similar for the couple of dolomite and ankerite 
samples that were obtained, which are likely to be compositional variants derived from the same 
meteoric source fluids, whose variable composition potentially reflects elemental input following 
fluid interactions with the host rock. 
5.5.1.3 Kaolin 
From petrographic and stable isotope analysis, the formation of diagenetic kaolinite is 
predominantly related to interactions between meteoric water and aluminosilicates, with kaolin 
forming at the expense of detrital feldspars. This is evident from the relatively narrow range of 
oxygen (2.1–5.1 ‰) and hydrogen (−110 to −94 ‰) isotopes for kaolin, which likely evolved from 
a meteoric water composition of ~ δ18O = −12 ‰ and ~ δD = −88.5 ‰. This δ18O is comparable to 
the source-fluid compositions of the main calcite population, indicating a similar level of 
involvement of meteoric fluids. Porosity or water–rock ratio has been shown to impact reaction rate 
(Whitney, 1990), with compaction, cementation, mineral dissolution and hydrocarbon invasion all 
potentially impacting water/rock ratios. As such, considerable differences in diagenetic processes 
are commonly noted between sandstone and shale formations at the same depth, for example 
(Howard, 1981; Lanson et al., 2002). From this, it is proposed that a combination of higher 
temperature conditions with depth, and high water–rock ratios in the porous and interconnected 
Precipice Sandstone, allowed more well-crystallised kaolin to form, resulting in the formation of 
vermicular and blocky kaolinite, and even dickite, in the oversized pores formed from extensive 
dissolution. 
5.5.1.4 Non-meteoric calcite sample 
A single calcite sample (calcite II) revealed a very different isotopic composition, with a δ18O value 
of 24.7 ‰. Fluid inclusion analyses on several samples from GSQ Chinchilla 4 were attempted with 
limited success, as inclusions were found to be very scarce in carbonate cements. However, rare 
two-phase aqueous inclusions with 5–10 vol. % vapour were successfully identified within the 
Hutton Sandstone sample from 799.6 m. Fluid inclusion analysis of this sample identified low-
salinity source-fluids (maximum 1.74 wt.% NaCl equivalent), and relatively high homogenisation 
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temperatures, in the range of 112.2–135.3 °C (T. Mernagh, 2013, pers. comm.). Assuming a purely 
NaCl salt composition, the “salt effect” of this level of salinity on the oxygen isotope activity ratios 
is likely to be negligible at temperatures below 200 °C (Horita et al., 1993; 1995). Using modelled 
temperatures of 120–130 °C, source fluids that precipitated a calcite with δ18O = 24.7 ‰ would 
need to have an oxygen isotope composition between 9.6 and 10.4 ‰. Such strongly positive δ18O 
compositions could theoretically reflect the involvement of magmatic and/or metamorphic fluids or 
evolved saline brines (Sheppard, 1986; Morad et al., 2010). However, the very low salinity of 
measured inclusions within the sample indicates that this calcite cement likely precipitated from 
very highly evolved meteoric fluids. Hoefs (2009) provides generic isotopic ranges for magmatic 
and metamorphic water as δ18O = 6–10 ‰ and δ18O = 5–25 ‰, respectively. When considering 
these ranges, a proportionally large contribution by very dilute metamorphic fluids (salinity in the 
order of seawater) would be required to obtain the δ18O signatures observed (~ 10 ‰). A seemingly 
more straightforward solution, although potentially controversial and not above contention, would 
be the introduction of deeply-sourced, highly-evolved low-salinity basinal fluids. Such an 
introduction, resulting in fluid mixing between meteoric water and highly isotopically-evolved 
basinal fluids, would account for the range in oxygen isotope compositions observed in carbonate 
precipitates in Chinchilla 4. However, for this to occur, the system must be considered to be 
geochemically “open”, which requires further discussion in of itself. 
5.5.2 Open or closed system diagenesis? 
Subsurface solute transport can occur through several means, including meteoric water circulation, 
compaction flow, convective pore-fluid flow, pressure solution and molecular diffusion (Einsele, 
2000). The employment of these mechanisms is commonly used to determine whether a system is 
chemically “open” or “closed”. Open system reactions during burial diagenesis, involving 
significant import and export of solutes over long distances, have been both touted and hotly 
contested in the literature, with the debate between “open” and “closed” reactions during burial 
diagenesis described by Bjørlykke (2011) as “the most important issue in clastic diagenesis”. In 
reality, a sedimentary basin may exhibit several or all of these solute transport mechanisms, 
depending on the geometry and connectivity of pores and micropores within a formation, leading to 
considerable variations in mineral reactions (Einsele, 2000). Whether meteoric water can deeply 
penetrate sedimentary basins remains contentious. Diagenetic processes involving meteoric water 
are predominantly discussed for only near-surface (10–100 m) interactions in the literature 
(Bjørlykke and Jahren, 2012). Similarly, freshwater flux is limited by the slope of the groundwater 
table and the permeability and interconnectivity of sandstone intervals (Bjørlykke, 2014), meaning 
that with transport from the recharge site, water is expected to continually become more saturated 
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and buffered with distance from the source. However, interactions with meteoric or otherwise 
unsaturated water may potentially be possible at great depths and elevated temperatures due to a 
combination of fluid-flow inducing mechanisms, such as diffusion plus advection (Bjørlykke, 2011; 
Bjørlykke and Jahren, 2012). 
The phenomenon of such a ‘local’ flushing by a fluid with a very different isotopic value seems 
incongruous if one considers the Jurassic-aged Surat system as predominantly geochemically 
“closed”, where pore-water flow is limited by sediment compaction rates and produced water from 
mineral diagenesis and is therefore far too low to be significant in terms of solute transport 
(Bjørlykke and Jahren, 2012; Bjørlykke, 2014). However, the difference in isotopic signatures of 
the precipitated calcites in this study can only reflect the introduction of a vastly isotopically-
different source fluid, suggesting a more chemically “open” system. In addition, input by meteoric 
waters is also supported by predicted isotopic fluid compositions of analysed kaolins. A further 
argument for fluid flux involving meteoric waters is precipitation of kaolin can only occur where 
low K+/H+ ratios and low silica concentrations occur, which are predominantly found in low-
salinity (i.e. fresh to brackish) waters due to meteoric input (Bjørlykke and Aagaard, 1992; Morad 
et al., 2000; Bjørlykke, 2014). From this, the precipitation of abundant kaolin as secondary pore-
filling material, as observed in the sandstone intervals of the Precipice and Hutton sandstones, 
substantiates the idea of extensive flushing by meteoric waters in a chemically-open system. The 
precipitation of carbonates also provides evidence for chemically-open conditions, as carbonates 
cannot be precipitated from fluids due to simple cooling. This suggest other processes were required 
for the carbonate cement precipitation observed, including CO2 degassing, fluid mixing or fluid-
rock interactions (Hoefs, 2009). 
Estimated modern-day flow rates for Surat region aquifers with permeabilities of 100 mD to 1000 
mD are approximately equivalent to lateral groundwater flow rates of 0.1 m/year to 1 m/year, whilst 
aquitards of 10–100 mD are equivalent to approximately 1 cm/year flow (Smerdon and Ransley, 
2012). Although modern-day recharge of groundwater in the Great Artesian Basin is considerably 
less than discharge due to current arid to sub-tropical conditions, the wetter palaeoclimates 
experienced during the Jurassic periods are expected to have resulted in higher recharge rates and 
higher groundwater levels (Love et al., 2013). Accepting a geochemically-open system for the more 
permeable and interconnected aquifers of the Surat Basin, and the input of meteoric waters in 
diagenetic reactions during burial, would allow considerable changes to rock composition during 
the burial process, as dissolution, precipitation and secondary porosity formation would not be 
limited by the local bulk chemistry of strata (Bjørlykke, 2014). In particular, this would help explain 
the extensive dissolution of material and the formation of substantial secondary porosity observed 
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in the Precipice Sandstone, which would be otherwise impossible to mass balance if constrained by 
a chemically-closed system (Bjørlykke and Jahren, 2012). This belies the persuasive findings of 
Taylor et al. (2010) that secondary porosity from mineral dissolution primarily results in only 
volumetrically minor (i.e. <2%) changes.  
Furthermore, evidence for the seemingly mutually-exclusive combination of both extensive 
dissolution due to mineral undersaturation of fluids and the precipitation of secondary phases (such 
as authigenic quartz overgrowths and carbonates) as identified in the Precipice and Hutton 
sandstone (see Fig. 7f, 6g from Farquhar et al. (2013) for examples of this) suggests more than one 
episode of fluid-induced reactions in the Surat Basin system, contrary to the continual and 
progressive diagenetic processes proposed by Bjørlykke and Jahren (2012) for closed systems. 
5.5.3 Mineral paragenesis and diagenetic reactions 
Petrographic examinations and isotopic analyses of the Jurassic interval of the Surat Basin, eastern 
Australia, suggests predominantly open-system geochemistry during burial, with considerable input 
by meteoric fluids revealed in both digenetically-precipitated carbonates and kaolins. Burial 
diagenesis is associated with selective dissolution of reactive minerals (e.g. detrital ferromagnesian 
minerals, carbonates, feldspars) and the precipitation of quartz, kaolin, smectite, chlorite and 
carbonates, with precipitation of diagenetic minerals primarily occurring at the expense of detrital 
minerals (e.g. siderite replacing chlorite). During late diagenesis, further mineralisation from CO2-
rich fluids is identified, probably as part of a regional geothermal system (Figure 5.20). 
The isotopic (δ18O and δD) signature of kaolin has evolved as the result of fluid-rock interactions, 
and indicates a meteoric palaeofluid source. Carbonate isotopic analysis allowed several generations 
of carbonate to be identified in the Lower Jurassic sequence. Two generations of siderite (siderite II 
and II) were identifiable using stable isotopes, and are both attributed to the breakdown of organic 
matter and have signatures with meteoric water influence. One of these generations (siderite II) was 
identified to be thermogenically-recrystallised primary ooidal siderite (siderite I) with an unknown 
isotopic composition. Siderites exhibit varied carbon isotope sources, reflecting mixing between 
enriched methanogenic CO2 and CO2 sourced from microbial fermentation and/or early 
thermogenic processes. Ankerite, and to a lesser extent calcite, is commonly associated with siderite 
precipitation, and exhibits a similar isotopic range of carbon sources. 
Calcite stable isotopes for the main calcite population mostly precipitated from meteoric-dominated 
fluids at temperatures between about 80–100 °C, and also reflect mixed carbon isotope sources. 
One interval of pervasive calcite cementation revealed a strongly isotopically-positive source fluid 
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posited to be highly-evolved CO2-rich basinal fluids that were mobilised and transported to more 
shallowly-overlying strata along fault planes. This could potentially occur with hydrocarbon 
migration up leaking fault planes, supplying hot, acidic organofluids with a highly evolved δ18O 
signature. Some form of vertical hydrocarbon migration through the Lower Jurassic Surat sequence 
in the area is likely anyway, as hydrocarbon shows in the area cannot be derived from in situ source 
rocks due to the relative immaturity of the section (Figure 5.6). Hydrocarbon occurrences in the 
Hutton Sandstone have been previously attributed to Permian source rocks through migration up 
major thrust faults on the eastern margin of the Surat Basin by Cadman and Pain (1998). 
The introduction of these deeply-sourced (i.e. hot) acidic fluids and resulting fluid-rock interaction 
processes ultimately lead to selective carbonate cementation in the highly permeable intervals of the 
Lower Surat Basin strata, with silicate dissolution processes and associated calcite cementation 
limited to the Precipice Sandstone and the high-permeability intervals of the Hutton Sandstone. This 
interaction may have led to the further dissolution of silicates and embayment, etching and cracking 
of detrital quartz grains. In the Hutton Sandstone, this calcite cement is directly observed to embay 
and crack (with sericite) quartz grains and partially or completely replace existing more labile 
minerals, leaving only pseudomorphs or skeletal remains of minerals behind. However, some 
intervals of high permeability at similar depths within the Hutton Sandston (e.g. the finer-grained 
sample at 828.8 m), that show embayment, etching and cracking of quartz grains, in addition to 
clay-alteration of detrital minerals, do not show evidence of this extensive calcite cement, with only 
relict (possibly detrital or early diagenetic) calcite cement present. 
Following the escape or flushing of the suggested acidic organofluids, later episodes of meteoric 
leaching in the highly permeable Precipice Sandstone could feasibly dissolve cementing carbonates, 
leaving behind only resilient authigenic and detrital minerals, such as highly kaolinised remnant 
feldspars, Fe-oxide–hydroxides, zircons, preserved muscovite flakes and the embayed, cracked and 
etched quartz grains. Although some minor dissolution of calcite in the Hutton Sandstone is 
evident, preservation of much of the calcite cement in the upper interval of the Hutton Sandstone 
indicates either a lack of flushing by meteoric or other undersaturated waters following cementation 
or that pore-fluids locally equilibrated with calcite. This may have occurred selectively in the 
affected intervals of the Hutton Sandstone if further compaction of the fine-grained, lithic-rich 
intervals occurred with increased burial and/or CO2–water–rock interactions lead to self-sealing 
through baffling. This could occur by processes such as the precipitation of gelatinous FeOH3, 
which is derived from interaction with chlorite and organoacidic fluids, the swelling of mixed-layer 
clays and smectite, and the precipitation of pore-occluding clays. 
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Figure 5.20: Paragenetic sequence of events for the Lower Jurassic Surat Basin, with a focus on processes 
that impact mineralogy and reservoir quality. Meteoric input throughout the burial history reflects at least 
partly chemically open conditions, making mass-balancing difficult. 
5.5.4 Reservoir property implications 
From this study, reservoir quality in sandstones is shown to be a product of both the depositional 
facies and diagenetic processes occurring within a low-salinity reservoir system, with the former 
shown to influence the latter. Diagenetic processes resulting from fluid flux, such as cementation, 
dissolution and recrystallisation, are shown to compound facies controls on reservoir quality by 
modifying reservoir properties. For example, fluid flux in coarser-grained intervals has resulted in 
the selective enhancement of porosity and permeability through mineral dissolution, whilst in finer-
grained intervals a reduction in accessibly permeability is observed through the precipitation of 
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pore-cementing clays and carbonates. This highlights the importance of constraining the timing and 
origin of fluid-flow events when assessing the reservoir quality of a potential reservoir system.  
In the Lower Surat Basin, mechanical compaction has greatly reduced porosity in finer-grained, 
lithic-rich and quartz-poor intervals. However, in both shallow and deep quartzose intervals, 
although intensive compaction and burial processes are evident from abundant quartz suturing and 
microstylotisation, burial compaction does not seem to have critically affected porosity and 
permeability, with very high permeability preserved in both the Hutton and Precipice Sandstones.  
Authigenic quartz overgrowths and much of the observed chlorite and kaolinite likely precipitated 
during early burial, prior to calcite cementation or secondary porosity generation and in line with 
early siderite precipitation. These overgrowths are likely to be at least partially sourced from 
intergranular pressure solution of quartz grains during burial, with short-distance diffusion to allow 
silica growth into open pores (Einsele, 2000). These processes commonly occur in the “silica 
mobility window”, at about 80–120 °C or burial depths of 2.5–3.5 km, and the maximum 
temperatures and depths experienced by the lower Jurassic Surat Basin units are at the lower end of 
these ranges. However, the presence of clay coatings on quartz grains has been proposed to enhance 
pressure solution, as an increase in the pH of pore waters due to chemical reactions with these clay 
coatings would lead to conditions that are favourable for quartz dissolution (Einsele, 2000). 
Clay content within the Lower Surat Basin varies considerably. Although the presence of clay does 
not in itself impact reservoir properties significantly, there is a strong inverse relationship between 
total clay content and permeability. Intervals rich in chlorite, smectite and illite generally have poor 
permeability, suggesting these clays in particular are likely to detrimentally impact fluid flow, most 
likely through pore occlusion and/or pore-throat bridging. Kaolin is ubiquitous throughout the 
studied sequence, occurring in trace to moderate amounts. There is a poor relationship between 
kaolin content and permeability, and whilst kaolin is occasionally seen to bridge pore throats when 
associated with extensive dissolution processes, it more commonly occurs as a pore-filling material 
with high microcrystalline porosity. 
Carbonate cementation in the Lower Surat Basin has variably impacted reservoir properties. In 
general, where extensive carbonate cementation has occurred, for example by siderite in the 
Westgrove Ironstone Member and by calcite in the Hutton Sandstone, porosity and permeability are 
seen to be significantly reduced. However, carbonate is also observed as a minor component in both 
high- and low-porosity lithologies, suggesting carbonate is likely to reduce porosity only where it 
occurs as a major mineral phase. In addition to this, textural evidence from highly permeable zones 
in the Precipice Sandstone suggests previous CO2 influx and significant carbonate cementation, 
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followed by subsequent re-dissolution. This is likely to have substantially improved permeability by 
consuming overgrowths, cracking quartz, and dissolving both reactive framework grains and 
matrix. Siderite is preferentially found in fine-grained lithofacies with poor permeability, suggesting 
in situ sourcing of bicarbonate from biogenic processes, whilst calcite is observed to fill pores or 
infiltrate porous matrix where restricted by permeability constraints. Much of the observed 
secondary porosity is tentatively attributed to a late-stage influx of hot and acidic CO2-rich fluids, 
interpreted to be organic in origin and related to vertical hydrocarbon transport up thrust faults.  
Ongoing exposure to formation water with meteoric input, evident in the stable isotopes of both 
carbonates and kaolin, suggests at least partly open-system conditions (particularly in more 
permeable intervals), with some processes (e.g. extensive calcite cementation) seemingly lacking 
local sources and requiring considerable input by transported components (Figure 5.20). Similarly, 
as discussed by Farquhar et al. (2014), evidence for significant removal of components, which also 
requires open-system conditions, may also be found in relict quartz grains in the Precipice 
Sandstone, which hint to allocthonous metamorphic and igneous sources, yet are conspicuously 
barren of any of the reactive basic minerals that might be expected. 
5.6 Conclusions 
Stable isotope analyses of both diagenetic carbonates and kaolins have identified fluid-flow 
interactions with the Lower Surat Basin that are predominantly influenced by meteoric water. The 
precipitation of several generations of carbonates within the Jurassic Surat Basin interval provides 
direct evidence for diagenetic reactions with CO2-rich fluids in the past during burial. The source of 
CO2-rich fluids in the Surat Basin has found to be derived largely from the decomposition of 
organic matter with influence by meteoric water. This provides a natural laboratory in which to 
study changes to mineralogy and reservoir properties during CO2 exposure, which in turn can be 
used to predict the long-term physiochemical impacts of artificial CO2 injection and storage on 
reservoir quality. 
From this study, pore diameter, total clay content, pore interconnectivity and quartz content are all 
shown to strongly influence local reservoir quality, and are found to be products both of primary 
deposition and diagenetic processes during burial. CO2–water–rock interactions during historic 
fluid-flow events are observed to both improve and decrease reservoir quality. In the Lower Surat 
Basin, periodic or continued exposure to meteoric-influenced fluids has resulted in the creation of 
secondary porosity from the extensive dissolution of minerals like feldspars and reactive silicates, 
requiring a chemically open system to accommodate considerable transport and removal of mass. A 
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potential destination of some of this transported mass may be the in situ replacement of these 
minerals by hydrous silicates, such as kaolins and smectites/mixed-layer clays coupled with the 
local precipitation of silica; however, if open-system conditions are honoured, at least some of this 
mass may be transported and precipitated as mineral cements (such as carbonates, clay or silica 
cements) further afield. Some issues remain unresolved regarding the probability of such meteoric 
flushing at depth during burial diagenesis, which has not previously been rigorously tested or 
convincingly argued in the literature.  
In finer-grained, mechanically-compacted intervals, pervasive alteration of feldspars and lithics to 
clay minerals does not appear to have improved permeability. This indicates that following CO2 
introduction into a reservoir system, reactions will be at least partly dependent on initial mineralogy 
and poro-permeability. Compaction, cementation and mineral dissolution all impact water/rock 
ratios and fluid accessibility, and as such impact reaction rate. In intervals of moderate to high 
permeability, CO2–water–rock reactions are expected to occur much more rapidly due to higher 
water/rock ratios. This is observed in the palaeofluid-flow history of the Lower Surat Basin, where 
intervals of high permeability (e.g. in the Precipice Sandstone) exhibit extensive dissolution of 
minerals ± pervasive carbonate cementation following the introduction of hot, acidic fluids during a 
late fluid-flow event.  
Interestingly, whilst highly permeable intervals exhibit extensive re-dissolution of carbonates 
following a drop in CO2 fugacity (seen by the presence of quartz embayments), in intervals of poor 
permeability carbonate precipitation is mostly preserved, and is evident only through minor 
carbonate grain etching. This suggests that a CO2 storage reservoir containing fine-grained 
intraformational baffles may actually be more effective for permanent CO2 storage through mineral 
trapping than the traditional reservoir scenario of low-reactivity, high porosity and high 
permeability, where residual and solubility trapping will predominate. Overall, the impact of CO2 
injection and storage is likely to be dependent on several factors relating to rock quality 
characteristics, including mineral chemistry, compaction, cementation and dissolution events, and 
porosity and permeability, many of which also affect fluid accessibility and the water-rock ratio. 
Long-term (30 year) CO2–water–rock interactions predicted by numerical modelling reveal an 
initial rapid dissolution of carbonates and chlorite, followed by slower dissolution of less reactive 
silicates such as biotite-group members, and eventually feldspars. Expected products of these 
reactions are kaolinite, smectite, amorphous silica, and siderite or ankerite. These processes echo 
some of the reactions that occurred naturally with diagenesis during burial as these minerals are 
commonly observed as replacement products of primary clasts and matrix material. 
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An important consideration when assessing CO2–water–rock interactions is to ascertain whether a 
system or interval is primarily geochemically open or closed, as this will substantially impact both 
mass transport balancing and the extent to which changes to the initial rock composition can occur 
during burial. Where a system is geochemically open, as in the highly permeable intervals of the 
Jurassic Surat Basin, considerable changes to mineralogy and texture may be achieved through 
interactions with high fluid-rock ratios, as dissolution and precipitation processes are not restricted 
by the initial chemistry of the host rock and local pore-fluid composition. Where geochemically 
open conditions hold true, the primary mechanism for CO2 storage is likely to be hydrodynamic 
trapping, also known as migration-assisted trapping, where CO2 is stored through dissolution and 
residual trapping processes.  
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CHAPTER 6 
DEDUCING CO2 INTERACTIONS IN LOW-SALINITY 
RESERVOIR SYSTEMS 
Image: 3D visualisation of Precipice Sandstone pore network (blue) with interstitial clay material 
(green) derived from registered 3D tomograms of a sub-plug of core. Pores are 97.7% 
interconnected. Image courtesy of Lithicon FEI, Australia. 
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6. DEDUCING CO2 INTERACTIONS IN LOW-SALINITY RESERVOIR SYSTEMS  
During CO2 injection and storage, CO2–water–rock interactions may lead to changes in mineralogy, 
porosity and permeability, and groundwater composition. These changes are dependent on several 
factors, including CO2 saturation levels, existing reservoir and seal mineralogy, porosity and 
permeability. To date, investigations of CO2–water–rock interactions have largely focussed on 
saline aquifer systems for CO2 storage (e.g. Rosenbauer et al., 2005; Bertier et al., 2006; Hovorka et 
al., 2006; Wigand et al., 2008; Ketzer et al., 2009; Luquot et al., 2012; Wilke et al., 2012; Yu et al., 
2012, among many others). However, further investigation is needed on the impact of CO2 injection 
and storage in locations where deep saline reservoirs are not practicable and where low-salinity 
formations may prove more attractive. Low-salinity reservoir systems have the potential to dissolve 
more CO2 than in brackish or brine reservoirs. Similarly, buoyancy effects will be reduced, 
potentially allowing longer CO2 residence times in line with groundwater migration. Studies of 
CO2–water–rock interactions in low-salinity systems at conditions relevant to storage are lacking, 
with existing studies largely using low pressure-temperature conditions (e.g. Little and Jackson, 
2010; Wei et al., 2011; Humez et al., 2013; Horner et al., 2014), and/or disaggregated or pure-
mineral material (e.g. Lu et al., 2010; Wilke et al., 2012; Montes-Hernandez et al., 2013). This 
thesis comprises the first comprehensive and integrated study of the potential impact of CO2–water–
rock interactions on low-salinity reservoir systems at pressure-temperature conditions that are 
representative of in situ CO2 storage conditions. 
The lower interval of the Jurassic-aged strata of the Surat Basin is identified as a potential target for 
CO2 storage in Queensland, Australia. The generally low-salinity (fresh to brackish) groundwater 
compositions of this interval necessitate careful investigation into the potential impacts of CO2 
introduction prior to implementation of a pilot study or commercial operations in the proposed 
target region. This presents a novel opportunity to study the targeted intervals and their potential 
response to CO2 injection in detail. To achieve this, the following aims were addressed: 
1. Characterise the mineralogy of the targeted storage system in detail using several 
investigatory techniques; 
2. Identify any potential changes to chemistry and physical properties in the near-well 
environment at conditions relevant to storage using experimental work and kinetic 
modelling, and improve understanding of the geochemical implications of CO2 injection in 
low-salinity groundwater reservoirs by linking these changes with observed chemical 
reactions and physical processes that occur during CO2–water–rock interactions; and 
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3. Predict the long-term impacts of CO2–water–rock interactions in low-salinity systems, in 
terms of the impact on physical and chemical reservoir properties, using constraints from a 
natural, ancient example of CO2-rich fluid flux in a heterogeneous low-salinity system, in 
addition to coupled experimental work and kinetic modelling. 
6.1 Characterisation of a targeted low-salinity reservoir system and investigatory 
techniques for CO2 storage site assessment  
An investigation of the mineralogies of the Lower Jurassic Surat Basin (Chapter 2) reveals 
considerable heterogeneity within the study interval, which has important implications for CO2 
storage. Overall, the Precipice Sandstone, Evergreen Formation and Hutton Sandstone each exhibit 
characteristic mineral distributions, described in Farquhar et al. (2013) and summarised in the 
following paragraphs: 
The Precipice Sandstone is a poorly-reactive unit with a relatively homogeneous mineralogy 
dominated by quartz, kaolin, minor to trace relict feldspars, detrital muscovite, smectite and 
localised Fe-oxide/hydroxide-rich, clay-bearing material. Extensive replacement of feldspars and 
lithics by kaolin is observed, as is the fanning of micas by kaolin booklets. A combination of 
meteoric diagenesis and fluid flux from units of the underlying Bowen Basin has led to extensive 
leaching of ferromagnesium-rich minerals and lithics by acidic meteoric fluids, resulting in the 
formation of a localised Fe-oxide/hydroxide-bearing pseudomatrix. This process increased porosity 
and permeability through the formation of oversized and well-connected pores throughout much of 
the unit, in addition to causing stark mineralogical homogeneity.  
The Evergreen Formation is internally heterogeneous and complex, with a chemically immature 
composition commonly rich in feldspars and lithics, detrital micas and clays. Kaolinite, chlorite and 
smectite are often major constituents, and are commonly the result of partial alteration of feldspars 
and ductily-deformed lithic fragments. Carbonates, in particular siderite and ankerite, occur 
frequently in minor amounts. Extensive burial compaction of lithic fragments, in combination with 
intervals of very fine-grained materials, has resulted in very poor visible porosity through much of 
the Evergreen Formation. This, in combination with the high clay content, in particular smectite and 
chlorite, suggest that geochemical reactivity in the very fine-grained, tight intervals may be 
restricted by lack of fluid access. 
The Hutton Sandstone comprises a similarly heterogeneous mineralogy, with both quartzose and 
feldspatholithic intervals rich in detrital micas, clays and carbonates. Microstylolitic features rich in 
Fe-oxide/hydroxides are common, as are pressure-solution features, indicating primary porosity 
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reduction by burial compaction. However, finer-grained, lithic-rich intervals also commonly still 
preserve open porosity, unlike the Evergreen Formation. Feldspars and lithics are altered by 
chlorite, smectite and kaolinite, with the more porous intervals exhibiting extensive dissolution of 
these components. Carbonates are a locally-significant constituent within the Hutton Sandstone, 
with extensive cementation by calcite noted in selective intervals, in addition to minor occurrences 
of Fe–Mn carbonates. The heterogeneous composition of much of the Hutton Sandstone, in 
particular the intervals of high feldspar, lithic, carbonate, mica and chlorite content, suggests a 
potentially reactive unit. These intervals, interbedded with more porous and quartzose samples, 
suggest the unit has mixed reservoir-seal characteristics and potentially has the capacity to buffer 
emplaced CO2. 
In addition to a mineralogical study of the Lower Jurassic interval of the Surat Basin, this study 
allowed a comparison between the results of several investigatory techniques and their application 
to CO2 storage site selection, including macroscopic analysis, hyperspectral core-scale logging 
using the short-wave and visible-near infrared wavelength range (HyLogger 2), X-ray diffraction 
(XRD), and optical and scanning electron microscopy. Detailed assessment of the internal 
heterogeneity of a targeted storage system is vital when assessing a site for potential CO2 storage. 
Individual limitations of the methods, for example the inability to discern quartz and feldspars in 
HyLogger 2, the difficulty in recognising clay matrix components in optical microscopy and core 
analysis, and the lack of contextual information in XRD analysis, are overcome by using a 
combination of techniques. 
6.2 Geochemical implications of CO2–water–rock interactions during CO2 injection in low-
salinity groundwater reservoirs  
This study directly investigates potential near-well CO2–water–rock interactions in low-salinity 
formations at conditions that are relevant to geological CO2 storage (Farquhar et al., 2014). This is 
achieved through a series of experiments conducted under simulated in situ basin pressure-
temperature conditions, with changes to mineralogy and porosity assessed using batch-reaction 
experiments and coupled kinetic numerical modelling (Chapter 4). The use of samples of varied 
mineralogy allows inferences to be made on the CO2–water–rock interactions in both reservoir and 
seal units of heterogeneous composition. The main findings of this thesis, in terms of the near 
wellbore CO2–water–rock interactions in low-salinity conditions, include: 
1. The chemical impact of CO2–water–rock reactions can be assessed using changes in 
dissolved concentrations of major and minor elements over time; 
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2. Similar trends shared between elements reflect similar cation release mechanisms, such as 
dissolution and desorption with decreasing pH, or precipitation and adsorption. 
Additionally, these trends can be used to identify shared sources for elements;  
3. CO2–water–rock interactions in low salinity conditions are strongly dependent on 
mineralogy. In quartzose samples lacking labile minerals, only minor changes in chemistry 
resulted from supercritical CO2 exposure, and very little effect on texture is observed. In 
contrast, in samples containing carbonates or labile silicates, such as Fe-chlorites, annite and 
feldspars, considerable changes in water chemistry due to CO2–water–rock reactions are 
possible; 
4. During CO2 injection, geochemical reactions expected to take place initially include the 
partial dissolution of carbonates, chlorite and chloritic clays and biotite-group members, 
followed by longer-term dissolution of additional silicates, such as feldspars; 
5. These interactions may lead to potential changes to reservoir properties, with dissolution of 
materials selectively leading to increases in porosity. Changes in reservoir properties are 
also shown to be lithologically-dependent. For example, increases in porosity in the near 
wellbore environment in carbonate-rich intervals following CO2 reaction; an increase in 
porosity of 1.1 vol.% was recorded in a calcite-cemented sandstone sample following CO2 
exposure, whilst negligible changes to porosity are seen following dissolution and 
desorption of chloritic clays and annite;  
6. Furthermore, the initial poro-permeability characteristics of the host-rock lithology are 
shown to exert considerable control over interactions with supercritical CO2, with 
compacted, matrix-rich, and tight lithologies preventing complete penetration of CO2. 
From these findings, inferences can be made on potential CO2–water–rock interactions within the 
Lower Jurassic Surat Basin, summarised in the following paragraphs: 
The Precipice Sandstone is identified to be an attractive reservoir unit, with an unreactive 
composition predominantly containing quartz, kaolin, trace muscovite and minor smectite. During 
potential CO2 reactions, only small increases in concentration of minor and major elements are 
expected. Dissolution and desorption processes are likely to be limited to interactions with Fe-
oxides and hydroxides, trace amounts of chlorite, remnant detrital feldspars and very trace 
carbonates. Trapping of CO2 is likely to be limited to hydrodynamic trapping processes, in the form 
of residual and dissolution trapping, due to the poorly-reactive nature of the mineralogy. Lateral and 
vertical CO2 plume migration is expected to be controlled by internal permeability variations within 
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the formation, and CO2 residence times are expected to be in line with the hydrodynamic regime of 
the system. 
The overlying Evergreen Formation is identified to have sealing capacities, despite the 
predominantly reactive composition of the unit. Whilst feldspar, light and dark micas and chlorite 
occur in considerable quantities throughout much of the formation and are potentially chemically 
unstable, the impact of CO2 exposure on the tighter, more traditional seal lithofacies in the upper 
Evergreen Formation is not expected to have a significant impact on porosity or permeability. 
During and following injection, some reaction of CO2 with the lowermost section of the formation 
is expected. However, the very fine-grained and matrix-rich sandier intervals of the Evergreen 
Formation are likely to experience limited mixed fluid (CO2 and water) reactions due to impeded 
penetration of fluids. Interactions with the lower section of the formation are expected to increase 
sealing capacity due to increased tortuosity due to heterogeneity within the unit, which could lead to 
increased effectiveness of residual and mineral CO2 trapping.  In addition, the contribution of 
substantial Fe to the formation fluids opens up the possibility of siderite precipitation in the longer 
term (or alternatively, mixed carbonates from Fe–Ca–Mn, depending on local mineralogy), meaning 
the unit has the potential to become self-sealing at the fluid-rock interface due to the precipitation of 
siderite, Fe-oxides/hydroxides, and/or amorphous silica. 
The Hutton Sandstone is predicted to have mixed reservoir-seal capacities due to the heterogeneous 
nature of the unit. In general, the Hutton Sandstone sample is similar in composition to the 
Evergreen samples (Chapter 3), suggesting similar processes as in the Evergreen Formation. 
However, the presence of coarser-grained, more porous intervals is expected to allow more 
exposure to CO2 fluids than in the Evergreen Formation, should CO2 be injected or migrate into the 
unit. In addition, in carbonate-rich sections, CO2 injection is predicted to increase injectivity and 
reduce pressure-gradient build up in the near-wellbore environment by enhancing permeability and 
increasing pore access to mixed fluids following dissolution of carbonates. The contribution of 
divalent cations by desorption and dissolution processes involving carbonates, chloritic clays and 
biotie-group members potentially allows for enhanced mineral trapping. Moreover, mineral trapping 
is likely to be more effective in the Hutton Sandstone due to the combination of heterogeneous 
mineralogy and permeability of the unit, with internal baffling by finer-grained reactive units likely 
to slow and increase the tortuosity of the CO2 plume migration. 
The findings from this low-salinity reservoir system have important implications for CO2–water–
rock interactions in low-salinity reservoir systems in general. Traditional CO2 storage systems rely 
on the typical reservoir-seal pair found in hydrocarbon accumulations, with a chemically-mature, 
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porous and permeable reservoir capped by a thick and regional aquitard seal facies. However, this 
set-up may not provide the ideal containment scenario for CO2 storage, with potentially longer-term 
risk of leakage or diffusion through the seal unit and higher pressure gradients in the vicinity of the 
injection well. In contrast, the findings of this study support the “ideal” reservoir system described 
by Watson and Gibson-Poole (2005). In this case, a traditional reservoir lithology with high 
porosity and permeability is overlain by a more heterogeneous lithofacies with some chemical 
immaturity and lower or varied permeability. This would increase tortuosity of plume flow and 
containment security by slowing lateral and vertical migration, and allowing increased opportunity 
for dissolution and mineral trapping within the baffled intervals. The release of divalent cations 
from the dissolution of and desorption from minerals may lead to the precipitation of carbonates 
following a drop in CO2 fugacity, facilitating permanent mineral trapping of CO2 within the baffled 
intervals.  
These results support a non-traditional CO2 storage scenario, where a good-quality reservoir with a 
clean mineralogy and favourable poro-permeability is overlain by a thick and internally-baffled dual 
reservoir-seal sequence with chemical immaturity and heterogeneous quality. In this CO2 storage 
system, injection rates in the near wellbore environment will be unimpeded, reducing risk of 
leakage by wellbore damage, and vertical and lateral migration  of the CO2 plume will be decreased, 
allowing greater opportunity for residual CO2 trapping in low-permeability intervals and enhanced 
permanent trapping of CO2 through carbonate mineralisation. 
6.3 Long-term impacts of CO2–water–rock interactions on physical and chemical reservoir 
properties of low-salinity systems from historic fluid flux  
Both depositional environment and diagenesis of reservoir systems have been shown to exert 
considerable control on reservoir properties (Chapter 5), which in turn have been shown to impact 
the chemical and physical interactions that are likely to occur during CO2 injection and storage (see 
Chapter 4). In particular, palaeofluid-flow events can lead to diagenetic alterations, such as early 
cementation, dissolution and recrystallisation, which modify the physiochemical reservoir 
properties of a system. These fluid-flow events can be both beneficial and deleterious to reservoir 
quality, in terms or porosity and permeability, with interactions with acidic fluids capable of 
creating secondary porosity through the extensive dissolution of minerals like feldspars, or reducing 
permeability by occluding and infilling secondary porosity with precipitation events.  
These processes are akin to the fluid-rock interactions that occur during CO2 injection and storage, 
and as such can be used as a natural analogue to study potential future interactions that would occur 
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with CO2 introduction. As in CO2 storage, diagenetic fluid-flow events may lead to desorption, 
dissolution, cementation, and recrystallisation processes that are largely dependent on host-rock 
lithology. These processes occur over much larger timespans than those observable using existing 
experimental work, numerical modelling or field demonstrations. The impact of these natural 
diagenetic processes on the resulting reservoir quality properties can therefore be used to elucidate 
the potential long-term reservoir quality impacts of CO2 injection and storage over geological 
timescales.  
This study investigates the palaeofluid history of a low-salinity siliclastic system located in 
Queensland, Australia, to assess the potential long-term impact of CO2 injection and storage by 
using this targeted reservoir system as a natural laboratory. From this study, reservoir quality in 
sandstones is shown to be a product of both the depositional facies and diagenetic processes that 
occur within a low-salinity reservoir system, with the former shown to strongly influence the latter. 
This highlights the importance of constraining the local origins of fluid-flow events when assessing 
the reservoir quality of a potential reservoir system. 
This study reveals a strong relationship between several factors that are associated with injectivity, 
including pore morphology and interconnectivity, total clay content and quartz content. In this 
study, diagenetic processes resulting from fluid flux, such as cementation, dissolution and 
recrystallisation, have been shown in some instances to compound facies controls on reservoir 
quality by influencing these parameters and modifying reservoir properties. For example, acidic 
fluid flux in the coarser-grained intervals investigated in this study has resulted in the selective 
enhancement of porosity and permeability through extensive mineral dissolution, leading to highly 
favourable injectivity characteristics. In contrast, in finer-grained intervals experiencing the same 
fluid-flow events, a reduction in accessibly permeability is observed from the extensive alteration of 
framework grains and the precipitation of pore-cementing clays and carbonates, reflecting reactions 
with CO2-rich fluid.  
The Lower Surat Basin has experienced considerable mechanical compaction, as evidenced by a 
total calculated burial depth of the sequence of ~ 1.3–3 km and the abundance of quartz suturing 
and microstylolitisation throughout the package. However, considerable differences in the response 
to fluid-flow events within the different lithologies have resulted in significant differences in the 
impact of compaction on overall reservoir quality. For example, burial compaction has greatly 
reduced porosity in finer-grained, lithic-rich and quartz-poor intervals, to near-negligible amounts 
(e.g. ~ 0.5% total porosity). However, in both deep and shallow quartzose intervals, very high 
permeability has been preserved as the result of extensive dissolution of framework grains, matrix 
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and authigenic quartz overgrowths during ancient fluid-flow events. This is only possible if a 
geochemically “open” system is accepted, with the removal and transport of components allowing 
secondary porosity to form at the expense of reactive detrital and authigenic minerals. 
Carbonate precipitation has had a variable impact on poro-permeability, depending largely on the 
existing host-rock properties. For example, in the Evergreen Formation, intervals in the Westgrove 
Ironstone Member have been extensively siderite cemented. This has resulted in very poor porosity 
and permeability in this interval, with any remaining microcrystalline or intragranular porosity 
seemingly later infilled by calcite cement, indicating it would be a very effective sealing unit when 
also considering the very fine, clay-rich grainsize. Similarly, pervasive calcite cementation in the 
Hutton Sandstone by a later hot fluid influx of mixed (meteoric–evolved basinal fluid) source has 
resulted in considerable localised reduction in porosity and permeability. Following diagenetic fluid 
interactions in other intervals, carbonate is also observed as a minor component in lithologies that 
maintain high porosity. This suggests carbonate is likely to reduce porosity only where it occurs as 
a major, cementing mineral phase.  
Textural evidence from the highly permeable Precipice Sandstone suggests previous episodes of 
acid-fluid influx, with the seemingly widespread embayment and cracking of detrital quartz grains 
indicating previous potentially-pervasive carbonate cementation from CO2-rich fluids. Later 
meteoric-influenced fluid flushing likely dissolved the vast majority of carbonate cementation and 
remnant reactive components, with the exception of trace vestiges of calcite that are locally 
preserved in the formation. In combination, these fluid-flow events are likely to have actually 
substantially improved permeability by consuming authigenic overgrowths, cracking quartz grains 
and creating enhanced inter- and intra-granular porosity by dissolving reactive framework grains 
and matrix, as well as the carbonate cement. Much of the observed dissolution porosity is at least in 
part attributed to the late-stage influx of hot and acidic CO2-rich fluids, potentially of organic 
origin, necessitating open-system conditions to accommodate the removal of mass.  
Extensive flushing by meteoric-influenced formation water is predicted to increase reactivity rates 
in permeable intervals by increasing fluid/rock ratios, leading to a flow-on effect of increasing 
permeability with further fluid-rock interactions in a chemically “open” system. In contrast, fine-
grained lithofacies with poor poro-permeability are expected to experience lower fluid/rock ratios, 
leading to potentially decreased CO2 reaction rates but also increasing the opportunity for carbonate 
precipitation by increasing tortuosity and CO2 residence times. 
The observations made of natural examples of CO2 accumulation and acidic-fluid interactions 
within the study sequence appear to be similar to those predicted in the literature and in the 
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experimental work and numerical modelling conducted in this thesis. This allows the following 
inferences to be made for possible processes that would occur during CO2 injection and storage: 
• The reservoir quality of a formation, in terms of mineralogy, porosity and permeability, is a 
product of both the depositional environment and diagenetic processes, with the former 
influencing the latter; 
• The introduction of acidic fluids during CO2 injection and storage is akin to the processes 
that occur during diagenetic fluid flux events in open-system conditions; and 
• These ancient fluid-flow events can be used to predict long-term CO2–water–rock 
interactions during anthropogenic storage of CO2. 
The following predictions can be made for siliclastic reservoirs based on these observations and 
assumptions: 
• Similar processes occur between low-salinity reservoirs and brackish to saline reservoirs, 
although differences in precipitants are expected (e.g. gypsum and anhydrite are not likely to 
form at low-salinity conditions);  
• Open-system conditions may be applicable for permeable intervals, allowing the net export 
and/or import of dissolved solutes and resulting in hydrodynamic trapping of CO2;  
• Permanent mineral trapping of CO2 is likely to be more prevalent in intervals of internal 
heterogeneity, with lithological baffles and reactive mineralogy leading to longer CO2 
residence times through increased tortuosity and residual gas trapping; 
• In clay-rich, quartz-poor  intervals of initially low permeability, CO2–water–rock reactions 
may decrease reservoir quality even further through the precipitation of clays (e.g. smectite 
and kaolinite) and carbonates (e.g. siderite), potentially leading to self-sealing; and 
• Long-term storage of CO2 in low-salinity systems is likely to be made more effective by the 
presence of intermediate heterogeneous, internally-baffled intervals of moderately reactive 
mineralogy, in addition to the traditional reservoir–seal pair, as this will increase the 
opportunity for long-term, safe CO2 trapping with a mix of stratigraphic trapping, 
hydrodynamic trapping, residual pore trapping, and mineral trapping. 
 
 
159
6.4 References 
Bertier, P., Swennen, R., Laenen, B., Lagrou, D., Dreesen, R., 2006. Experimental identification of CO2–
water–rock interactions caused by sequestration of CO2 in Westphalian and Buntsandstein 
sandstones of the Campine Basin (NE-Belgium). Journal of Geochemical Exploration, 89(1–3): 10–
14. http://dx.doi.org/10.1016/j.gexplo.2005.11.005. 
Farquhar, S.M., Dawson, G.K.W., Esterle, J.S., Golding, S.D., 2013. Mineralogical characterisation of a 
potential reservoir system for CO2 sequestration in the Surat Basin. Australian Journal of Earth 
Sciences, 60(1): 91–110. 10.1080/08120099.2012.752406. 
Farquhar, S.M., Pearce, J.K., Dawson, G.K.W., Golab, A., Sommacal, S., Kirste, D., Biddle, D., Golding, 
S.D., 2014. A fresh approach to investigating CO2 storage: Experimental CO2-water-rock 
interactions in a low-salinity reservoir system. Chemical Geology. 
http://dx.doi.org/10.1016/j.chemgeo.2014.10.006. 
Horner, K.N., Schacht, U., Haese, R.R., 2014. Characterizing long-term CO2–water–rock reaction pathways 
to identify tracers of CO2 migration during geological storage in a low-salinity, siliciclastic reservoir 
system. Chemical Geology. http://dx.doi.org/10.1016/j.chemgeo.2014.09.021. 
Hovorka, S.D., Benson, S.M., Doughty, C., Freifeld, B.M., Sakurai, S., Daley, T.M., Kharaka, Y.K., Holtz, 
M.H., Trautz, R.C., Nance, H.S., Myer, L.R., Knauss, K.G., 2006. Measuring permanence of CO2 
storage in saline formations: the Frio experiment. Environmental Geosciences, 13(2): 105–121. 
10.1306/eg.11210505011. 
Humez, P., Lagneau, V., Lions, J., Negrel, P., 2013. Assessing the potential consequences of CO2 leakage to 
freshwater resources: A batch-reaction experiment towards an isotopic tracing tool. Applied 
Geochemistry, 30(0): 178–190. http://dx.doi.org/10.1016/j.apgeochem.2012.07.014. 
Ketzer, J.M., Iglesias, R., Einloft, S., Dullius, J., Ligabue, R., de Lima, V., 2009. Water–rock–CO2 
interactions in saline aquifers aimed for carbon dioxide storage: Experimental and numerical 
modeling studies of the Rio Bonito Formation (Permian), southern Brazil. Applied Geochemistry, 
24(5): 760–767. http://dx.doi.org/10.1016/j.apgeochem.2009.01.001. 
Little, M.G., Jackson, R.B., 2010. Potential impacts of leakage from deep CO2 geosequestration on overlying 
freshwater aquifers. Environmental Science & Technology, 44(23): 9225–9232. 
10.1021/es102235w. 
Lu, J., Partin, J.W., Hovorka, S.D., Wong, C., 2010. Potential risks to freshwater resources as a result of 
leakage from CO2 geological storage: A batch-reaction experiment. Environmental Earth Sciences, 
60(2): 335–348. 10.1007/s12665-009-0382-0. 
Luquot, L., Andreani, M., Gouze, P., Camps, P., 2012. CO2 percolation experiment through chlorite/zeolite-
rich sandstone (Pretty Hill Formation – Otway Basin–Australia). Chemical Geology, 294–295(0): 
75–88. http://dx.doi.org/10.1016/j.chemgeo.2011.11.018. 
Montes-Hernandez, G., Renard, F., Lafay, R., 2013. Experimental assessment of CO2-mineral-toxic ion 
interactions in a simplified freshwater aquifer: Implications for CO2 leakage from deep geological 
storage. Environmental Science & Technology, 47(12): 6247–6253. 10.1021/es3053448. 
Rosenbauer, R.J., Koksalan, T., Palandri, J.L., 2005. Experimental investigation of CO2–brine–rock 
interactions at elevated temperature and pressure: Implications for CO2 sequestration in deep-saline 
aquifers. Fuel Processing Technology, 86(14–15): 1581–1597. 
Watson, M.N., Gibson-Poole, C.M., 2005. Reservoir selection for optimised geological injection and storage 
of carbon dioxide: A combined geochemical and stratigraphic perspective, The fourth annual 
conference on carbon capture and storage. National Energy Technology Laboratory, US Department 
of Energy, Alexandria, pp. 2–5. 
 
160
Wei, Y., Maroto-Valer, M., Steven, M.D., 2011. Environmental consequences of potential leaks of CO2 in 
soil. Energy Procedia, 4(0): 3224–3230. http://dx.doi.org/10.1016/j.egypro.2011.02.239. 
Wigand, M., Carey, J.W., Schütt, H., Spangenberg, E., Erzinger, J., 2008. Geochemical effects of CO2 
sequestration in sandstones under simulated in situ conditions of deep saline aquifers. Applied 
Geochemistry, 23(9): 2735–2745. http://dx.doi.org/10.1016/j.apgeochem.2008.06.006. 
Wilke, F.D.H., Vásquez, M., Wiersberg, T., Naumann, R., Erzinger, J., 2012. On the interaction of pure and 
impure supercritical CO2 with rock forming minerals in saline aquifers: An experimental 
geochemical approach. Applied Geochemistry, 27(8): 1615–1622. 
http://dx.doi.org/10.1016/j.apgeochem.2012.04.012. 
Yu, Z., Liu, L., Yang, S., Li, S., Yang, Y., 2012. An experimental study of CO2–brine–rock interaction at in 
situ pressure–temperature reservoir conditions. Chemical Geology, 326–327(0): 88–101. 
http://dx.doi.org/10.1016/j.chemgeo.2012.07.030. 
 
 
161
7. APPENDICES 
7.1 Appendix A: GSQ Chinchilla 4 sample and analyses summary 
Table A.1: GSQ Chinchilla 4 sample and analyses summary. 
Tray Depth from (m) 
Depth        
to (m) Unit 
Analyses and procedures 
MICP He pycn. 
Digital 
micro-CT & 
QEMSCAN 
Batch CO2 
Experiments XRD 
Thin 
section 
SEM-
EDS Microprobe 
18O and 
13C 
carbonate 
isotopes 
18O and 
D kaolin 
isotopes 
Fluid 
inclusions 
391 1207.51 1207.64 Precipice Ss Yes Yes Yes – Yes Yes – – – Yes – 
388 1197.64 1197.75 Precipice Ss Yes Yes – – Yes Yes Yes – – – – 
386 1192.89 1192.99 Precipice Ss Yes Yes Yes Yes Yes Yes Yes Yes – Yes – 
383 1182.77 1182.87 Evergreen Fm Yes Yes – – Yes Yes – – – Yes – 
368 1138.10 1138.21 Evergreen Fm Yes Yes Yes Yes Yes Yes Yes Yes – – Attempt 
364 1126.37 1126.46 Evergreen Fm Yes Yes – – Yes Yes Yes – – – Attempt 
349 1082.39 1082.50 Evergreen Fm Yes Yes Yes – Yes Yes – – – – Attempt 
340 1053.09 1053.20 Evergreen Fm Yes Yes – – Yes Yes Yes – – – Attempt 
328 1017.27 1017.33 Evergreen Fm Yes Yes – – Yes Yes – – – – Attempt 
320 992.21 992.30 Evergreen Fm Yes Yes – – Yes Yes – – – – – 
316 980.05 980.16 Evergreen Fm Yes Yes Yes – Yes Yes – – – Yes – 
305 946.97 947.07 Evergreen Fm Yes Yes – – Yes Yes Yes – – – – 
289 897.82 897.92 Evergreen Fm Yes Yes Yes Yes Yes Yes Yes Yes – – – 
279 867.88 868.00 Hutton Ss Yes Yes Yes Yes Yes Yes Yes Yes – – – 
268 835.40 835.55 Hutton Ss Yes Yes Yes – Yes Yes Yes – – – Attempt 
266 828.75 828.79 Hutton Ss Yes Yes Yes – Yes Yes – – – – – 
256 799.47 799.57 Hutton Ss Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
238 745.05 745.15 Hutton Ss Yes Yes – – Yes Yes – – – – – 
N/A 120.27 120.27 Gubbera. Ss – – – – Yes – – – Yes – – 
N/A 580.73 580.83 Gubbera. Ss – – – – Yes Yes – – Yes – Attempt 
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N/A 582.96 583.12 Tangal. Ss – – – – Yes Yes – – Yes – Attempt 
N/A 584.56 584.59 Tangal. Ss – – – – Yes Yes – – Yes – Attempt 
N/A 646.59 646.59 Tangal. Ss – – – – Yes – – – Yes Yes – 
N/A 652.83 652.83 Tangal. Ss – – – – Yes – – – Yes – – 
N/A 1025.45 1025.45 West. Iron. M. – – – – Yes Yes Yes – Yes – Attempt 
N/A 1032.68 1032.68 West. Iron. M. – – – – Yes Yes – – Yes – – 
N/A 1033.32 1033.32 West. Iron. M. – – – – Yes – – – Yes – – 
N/A 1051.95 1051.95 Evergreen Fm – – – – Yes – – – Yes – – 
N/A 1099.79 1099.79 Evergreen Fm – – – – Yes – – – Yes – – 
N/A 1143.00 1143.00 Evergreen Fm – – – – Yes – – – Yes – – 
N/A 1151.68 1151.77 Evergreen Fm – – – – Yes Yes Yes – Yes Yes Attempt 
7.2 Appendix B: GSQ Chinchilla 4 vitrinite reflectance 
Table B.1: GSQ Chinchilla 4 vitrinite reflectance. 
Tray Depth from (m) Depth to (m) Count Mean SD VR 
358 1107.49 1107.53 50 0.535 0.068 0.54 
250 781.58 781.59 52 0.511 0.044 0.51 
295 918.90 918.92 65 0.528 0.049 0.53 
281 873.37 873.41 63 0.521 0.031 0.52 
363 1123.35 1123.40 43 0.726 0.043 0.73 
238 744.73 744.74 34 0.524 0.017 0.52 
307 953.88 953.90 100 0.599 0.027 0.60 
350 1085.29 1085.31 71 0.634 0.045 0.63 
269 838.12 838.13 31 0.554 0.017 0.55 
229 717.67 717.70 31 0.540 0.029 0.54 
185 (A) 587.21 587.26 54 0.531 0.049 0.53 
320 992.67 992.70 60 0.737 0.048 0.74 
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7.3 Appendix C: Air (probe) permeability 
Table C.1: GSQ Chinchilla 4 air (miniperm) probe permeability. 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth (m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
745.13 0.04 800.9 35 843.6 0.23 884.54 0.28 968.85 27.3 1081.65 0.2 1193.32 1451 
745.47 0.07 801.1 94 844.4 0.03 897.36 0.29 969.03 27.5 1081.8 0.2 1193.45 2153 
751.75 0.61 801.25 47.8 844.55 1.66 900.04 0.1 969.1 24.7 1126.42 0.55 1197.4 4274 
751.9 2.14 801.4 192 844.7 0.17 900.09 0.03 969.25 41.5 1137.5 7.8 1197.55 3965 
752.05 0.6 828.65 1228 844.85 7.9 945.99 21.7 969.4 19.1 1137.65 0.52 1197.72 3977 
752.2 1.12 828.9 778 844.95 8.2 947.05 10.5 969.55 28.6 1137.8 0.48 1197.88 2530 
752.4 1.36 829.03 523 845.05 10 947.2 2.17 969.7 10.1 1137.95 0.1 1198.8 3792 
798.45 0.15 829.15 1022 867.8 0.29 947.35 6.7 979.75 98.9 1138.05 1.69 1198.95 1651 
798.57 0.48 829.3 1197 867.95 0.83 947.5 7.8 979.85 86.6 1138.2 2.14 1199.1 3199 
798.75 10.5 830.17 758 868.1 1.87 947.65 25.1 980 93.8 1182.2 23.5 1199.28 2323 
798.9 1.9 830.33 5.5 868.25 18.8 956.13 0.2 980.15 28.1 1182.35 5.9 1199.42 2396 
799.03 16.8 830.45 0.07 868.4 18.6 956.3 0.17 980.3 22.2 1182.5 2.66 1207.15 2238 
799.1 48.7 830.6 0.08 868.5 8.7 956.45 0.42 980.45 27.1 1182.65 40.1 1207.3 2262 
799.25 85.7 830.68 0.06 868.6 2.14 956.65 0.5 983.1 3.99 1182.8 3.88 1207.45 462 
799.4 7.1 834.02 0.17 868.75 2.02 956.78 0.42 992.25 0.04 1183.7 35.7 1207.6 2372 
799.55 33 834.97 0.23 868.9 4.72 967.65 48.7 993.1 0.02 1183.85 7.2 1207.75 1581 
799.7 0.88 835.45 0.04 869.05 0.29 967.79 61.4 1062.9 0.29 1184 5.7 1208.65 1837 
799.85 0.03 835.5 0.17 869.15 8.3 967.87 41.5 1063.05 0.55 1184.15 1.7 1208.82 487 
800 0.07 836.29 11.1 869.3 16.9 968 1.82 1063.2 3.2 1184.3 11.3 1208.95 1192 
800.15 0.03 842.9 1.75 883.9 0.2 968.1 3.94 1063.35 4.97 1184.42 37.9 1209.1 1126 
800.3 0.02 843 0.83 884 0.29 968.2 6.4 1063.53 1.08 1191.25 94.5 1209.35 1727 
800.45 6.2 843.15 0.07 884.15 0.01 968.4 3.3 1081.2 0.21 1192.83 558 
  800.6 5.5 843.3 0.35 884.3 0.01 968.55 8.8 1081.34 0.14 1193.05 2457 
  800.75 7.2 843.45 0.57 884.45 0.01 968.7 16.1 1081.5 0.07 1193.15 10.1     
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Table C.2: GSQ Taroom 15 air (miniperm) probe permeability. 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
Depth 
(m) 
Probe 
(air) 
perm. 
(mD) 
49.85 85.1 148.15 1485 318.38 0.48 396.85 0.67 422.5 0.07 486.8 2032 
50 155 148.3 1972 318.55 0.04 397 1.62 422.63 0.1 486.9 1338 
50.15 97.2 148.5 1995 331.8 0.1 408.4 0.45 436.4 856 501.1 1.57 
50.3 159 165.05 2189 331.95 0.04 408.55 0.23 436.55 829 501.25 1.53 
50.45 167 165.2 1824 332.05 0.07 408.7 0.36 436.7 870 501.4 11.5 
50.6 128 165.34 2250 332.26 0.48 408.85 0.57 436.85 2228 501.55 21.7 
50.77 115 165.5 1216 332.35 0.61 409 0.45 437 556 501.7 49.2 
50.9 57.3 165.65 158 340.65 0.39 415.45 0.07 454.8 1574 501.84 18.1 
51.1 10.2 165.78 319 340.8 0.63 415.6 1.38 454.95 1435 502.05 56.4 
51.35 2.02 237.44 0.1 340.95 0.51 415.75 1.92 457.03 48.9 502.2 85 
51.5 14.3 237.6 0.66 365 0.23 415.94 0.07 457.15 1.49 502.35 3.17 
79.4 0.05 237.75 0.55 365.15 0.04 416.1 0.07 458.65 906 502.52 18.6 
79.55 0.03 237.88 0.32 365.3 0.32 416.25 0.13 458.8 1068   
79.7 0.2 259.35 0.32 365.55 0.1 416.42 0.08 458.95 1113   
80.78 49 259.5 0.17 365.7 1.1 416.57 0.04 459.15 1926   
119.79 8.1 261.45 0.2 378.78 0.17 416.7 0.26 459.3 2206   
138.15 1447 261.6 0.23 378.95 0.07 416.85 0.07 467.96 2092   
138.3 1919 261.75 0.1 379.1 0.07 417 0.2 468.1 2299   
138.45 2055 261.9 0.07 379.25 0.1 417.15 0.07 468.27 1435   
138.6 1133 302.65 0.5 379.38 0.13 417.3 0.1 468.45 2104   
138.73 2228 302.9 0.79 385.57 0.08 421.9 0.1 486.2 1940   
138.85 1133 317.95 5 396.4 7.7 422.05 0.11 486.35 1855   
147.85 1388 318.1 1.66 396.55 9.3 422.21 0.2 486.5 1023   
148 1462 318.25 1.87 396.7 0.42 422.35 0.04 486.65 120   
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7.4 Appendix D: Fluid geochemistry of the CO2-freshwater-rock experiments 
Table D.1: Fluid geochemistry (mg/kg) of the A-run CO2-freshwater-rock experiments at 60 °C, 120 bars. 
Sample Time (Day) 
Concentration (mg/kg) 
Al B Ba Ca Co Cr Cu Fe K Mg Mn Na Ni P S Si Sr Ti Zn 
Hutton Sandstone 799 m 
CO2-H2O blank -1 <DL <DL 0.03 1.59 <DL 0.32 0.04 1.68 1.20 0.32 0.11 6.41 0.19 1.93 <DL 1.29 0.03 <DL 0.19 
N2-H2O-rock baseline 0 <DL 0.12 0.09 126 <DL 0.10 <DL 2.33 1.22 0.72 4.01 12.3 0.27 2.52 2.84 0.59 0.81 <DL 0.38 
CO2-H2O-rock reaction 1 0.08 0.21 0.29 550 0.06 0.26 0.13 8.75 1.75 1.77 17.1 13.6 0.25 2.51 11.7 1.39 3.54 <DL 0.36 
 4 <DL 0.14 0.25 461 0.06 0.14 <DL 6.42 2.04 1.77 14.1 17.6 0.04 3.94 8.65 0.83 3.00 <DL 0.29 
 11 0.07 0.15 0.32 602 0.13 0.11 <DL 4.62 1.83 1.90 18.2 12.3 0.33 2.57 12.1 1.74 3.85 <DL 0.38 
 15 <DL 0.14 0.34 603 0.13 0.12 <DL 3.69 40.7 2.08 18.2 12.9 0.08 3.24 11.4 1.68 3.92 <DL 0.33 
 18 <DL 0.12 0.32 527 0.12 0.16 <DL 2.83 1.59 1.86 16.5 11.4 0.12 2.64 10.5 1.71 3.47 <DL 0.30 
Hutton Sandstone 867 m 
CO2-H2O blank -3 <DL <DL 0.01 7.93 0.01 0.08 0.02 1.02 0.04 <DL 0.39 5.45 0.25 0.08 <DL 0.23 0.001 <DL 0.09 
N2-H2O-rock baseline 0 0.08 1.26 0.04 9.33 0.02 0.15 0.05 1.85 2.27 <DL 0.64 65.8 0.76 0.18 4.16 7.39 0.08 <DL 0.13 
CO2-H2O-rock reaction 1 0.34 1.60 0.50 12.4 0.08 0.18 0.05 14.2 3.77 2.13 2.35 72.7 1.33 0.06 4.93 12.2 0.45 <DL 0.55 
 4 0.32 1.43 0.60 22.2 0.13 0.12 0.05 26.0 4.58 3.78 4.05 84.7 2.96 0.08 3.21 17.1 0.74 <DL 0.80 
 14 0.31 1.60 1.09 25.5 0.17 0.07 0.04 42.1 5.37 7.35 5.86 80.1 0.84 <DL 3.98 23.8 1.29 <DL 1.02 
 16 0.29 2.06 1.19 24.2 0.20 0.10 0.02 48.9 6.80 9.17 6.87 83.9 1.66 <DL 5.71 27.0 1.48 <DL 1.11 
Evergreen Formation 897 m 
CO2-H2O blank -1 <DL <DL <DL 13.4 <DL 0.05 0.10 0.45 <DL 0.29 0.16 17.13 0.22 0.23 <DL <DL 0.01 <DL 0.27 
N2-H2O-rock baseline 0 0.20 <DL <DL 8.6 0.00 0.09 0.01 0.59 0.83 0.17 0.13 51.17 0.31 0.22 <DL 3.85 0.01 0.003 0.07 
CO2-H2O-rock reaction 2 0.11 <DL 0.19 12.1 0.02 0.12 0.02 5.38 4.77 0.51 0.45 143 0.38 0.20 <DL 12.0 0.16 <DL 0.14 
 6 0.11 <DL 0.56 14.2 0.03 0.08 0.04 12.5 7.64 1.21 0.72 162 1.41 0.14 0.90 15.7 0.49 <DL 0.31 
 13 0.10 <DL 0.56 9.9 0.09 0.05 0.04 14.0 7.84 1.58 0.83 119 1.99 <DL 4.00 15 0.53 <DL 0.37 
 16 0.22 <DL 0.94 9.6 0.13 0.06 0.02 22.3 13.0 2.48 1.17 190 0.42 <DL 4.18 22 0.84 <DL 0.38 
Evergreen Formation 1138 m* 
CO2-H2O blank -4 <DL <DL <DL 8.70 0.02 0.33 0.20 1.62 1.08 0.61 0.26 58.5 1.00 0.04 1.83 0.57 0.01 <DL 0.10 
CO2-KCl blank -3 7.82 <DL 0.06 4.46 <DL 0.12 0.18 1.05 7573 3.88 0.11 42.0 0.21 0.30 8.04 1.12 0.05 <DL 0.39 
N2-H2O-rock baseline 0 0.31 <DL 1.29 157 <DL 0.17 0.32 2.22 10650 21.8 1.27 227 1.80 0.31 10.4 4.44 5.13 <DL 0.84 
CO2-H2O-rock reaction 2 0.71 <DL 1.36 155 <DL 0.49 1.68 10.8 6683 22.5 1.51 171 2.80 0.58 11.6 5.92 4.85 <DL 1.36 
 16 0.43 0.14 2.37 260 0.14 3.41 0.29 25.2 6563 31.1 3.30 158 5.01 0.22 9.76 8.80 5.94 <DL 1.19 
Precipice Sandstone 1192 m 
CO2-blank -1 <DL <DL 0.05 29.5 0.02 0.27 0.26 1.08 0.90 0.46 1.38 14.9 1.34 2.54 1.00 1.63 0.21 <DL 0.55 
N2-H2O-rock baseline 0 <DL 0.46 0.03 13.8 0.01 0.13 0.24 0.87 1.53 0.93 0.36 16.1 <DL 4.40 2.01 0.78 0.12 <DL 0.33 
CO2-H2O-rock reaction 2 0.22 0.56 0.06 31.3 0.10 0.26 1.09 6.45 1.33 1.41 1.53 11.4 0.53 3.08 2.33 3.52 0.22 <DL 0.85 
 13 0.42 0.49 0.07 15.3 0.10 0.15 1.53 9.70 1.00 1.50 0.72 9.77 0.27 2.76 0.97 6.03 0.19 <DL 0.89 
  14 0.45 0.51 0.07 14.6 0.10 0.11 1.51 9.90 1.01 1.58 0.73 9.65 0.25 2.82 0.87 6.57 0.19 <DL 0.87 
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Table D.2: Fluid geochemistry (mg/kg) of the B-run CO2-freshwater-rock experiments at 60 °C, 120 bars. 
Sample Time (Day) 
Concentration (mg/kg) 
Al B Ba Ca Co Cr Cu Fe K Mg Mn Na Ni P S Si Sr Ti Zn 
Hutton Sandstone 799 m 
CO2-H2O blank -1 <DL <DL 0.03 2.99 <DL 0.03 <DL 0.12 121 0.45 0.12 8.22 <DL 2.88 <DL <DL 0.02 <DL 0.13 
N2-H2O-rock baseline 0 <DL 0.05 0.07 85.1 <DL 0.02 <DL 1.00 1.07 0.70 2.62 11.0 <DL 2.93 1.22 <DL 0.53 <DL 0.11 
CO2-H2O-rock reaction 2 0.06 0.07 0.19 381 0.06 0.07 <DL 7.41 0.94 1.26 11.4 7.66 0.07 2.14 7.24 0.65 2.34 <DL 0.18 
 6 0.06 0.06 0.24 460 0.10 0.09 <DL 7.81 0.91 1.46 14.0 8.19 0.21 2.22 9.07 0.78 2.83 <DL 0.25 
 12 <DL 0.07 0.28 514 0.13 0.06 <DL 7.46 1.39 1.71 15.0 9.57 0.04 2.46 9.93 1.17 3.21 <DL 0.26 
 16 0.05 0.07 0.31 538 0.15 0.05 <DL 7.17 1.33 1.75 15.5 8.58 0.15 2.28 10.6 1.60 3.39 <DL 0.30 
Hutton Sandstone 867 m 
CO2-H2O blank -3 0.09 <DL 0.03 0.57 0.02 0.07 <DL 0.96 7.61 0.09 0.44 <DL 0.61 <DL <DL 1.05 0.04 <DL 0.11 
N2-H2O-rock baseline 0 0.11 0.49 <DL <DL 0.01 0.15 0.08 1.56 0.77 <DL 0.25 47.4 0.87 <DL 2.94 2.12 0.02 <DL 0.09 
CO2-H2O-rock reaction 1 0.12 0.51 0.03 <DL 0.01 0.08 0.07 1.76 0.99 0.18 0.40 30.1 0.39 <DL 2.05 2.46 0.05 <DL 0.18 
 3 0.46 0.55 0.28 6.45 0.09 0.08 0.10 17.7 2.54 3.11 2.58 33.7 0.35 <DL 2.09 8.45 0.58 <DL 0.89 
 10 0.61 0.54 0.41 8.80 0.14 0.08 0.09 29.6 2.64 4.63 3.78 32.0 0.34 <DL 1.76 11.9 0.79 <DL 1.21 
 16 0.55 0.55 0.46 9.26 0.15 0.05 0.06 30.4 2.71 5.02 4.00 31.5 0.35 <DL 1.97 13.7 0.83 <DL 1.31 
Evergreen Formation 897 m 
CO2-H2O blank -2 0.08 <DL <DL <DL 0.01 0.06 <DL 0.24 <DL <DL 0.10 <DL 0.16 <DL <DL <DL 0.004 <DL 0.04 
N2-H2O-rock baseline 0 <DL <DL <DL 0.09 <DL 0.01 0.03 0.14 4.47 <DL 0.03 40.2 0.04 1.13 1.51 1.90 0.005 0.02 0.10 
CO2-H2O-rock reaction 2 0.04 <DL <DL 1.14 0.01 0.06 0.09 5.57 3.40 0.27 0.31 67.0 0.08 1.13 1.59 5.86 0.16 0.01 0.15 
 6 0.11 <DL 0.39 3.50 0.03 0.06 0.04 15.4 4.93 1.00 0.80 81.6 0.29 0.86 1.81 9.43 0.45 0.01 0.37 
 9 0.21 <DL 0.68 6.31 0.05 0.11 0.09 29.1 6.04 1.79 1.31 87.3 0.35 1.48 2.21 11.3 0.81 0.02 0.51 
 13 0.22 <DL 1.09 8.35 0.06 0.09 0.02 33.9 7.00 2.51 1.45 92.4 0.22 0.83 2.06 13.8 1.04 0.01 0.49 
 16 0.19 <DL 0.92 8.04 0.05 0.07 0.02 29.4 6.64 2.46 1.34 87.5 0.10 1.26 2.23 12.1 1.00 0.02 0.41 
Evergreen Formation 1138 m 
CO2-H2O blank -1 <DL <DL 0.02 4.98 <DL 0.03 <DL <DL <DL 0.35 0.19 7.55 <DL 2.25 <DL <DL 0.04 <DL 0.15 
CO2-KCl blank 0 6.04 <DL 0.33 25.8 <DL 0.06 <DL 1.95 5.55 3.33 0.22 50.7 0.02 4.59 <DL 23.5 0.61 0.33 0.14 
N2-H2O-rock baseline 1 5.58 0.16 0.61 58.3 <DL 0.17 <DL 7.21 5.91 6.02 0.84 61.7 <DL 8.43 <DL 22.4 1.07 0.26 0.48 
CO2-H2O-rock reaction 13 2.76 <DL 4.06 126 0.14 0.14 0.11 24.6 9.01 12.2 1.71 60.2 0.48 0.15 2.64 21.5 2.53 0.01 1.26 
 16 2.68 <DL 4.27 140 0.16 0.15 0.07 24.0 10.1 13.3 2.43 65.3 0.73 0.13 3.39 22.6 2.69 0.01 1.29 
Precipice Sandstone 1192 m 
CO2-blank -4 0.11 <DL 0.03 <DL 0.01 0.10 0.03 0.61 <DL 0.10 0.16 <DL 0.14 <DL <DL <DL 0.03 0.01 0.07 
N2-H2O-rock baseline 0 0.13 <DL 0.03 2.26 0.05 0.02 0.22 1.53 0.15 0.50 0.17 <DL 0.10 <DL <DL 1.08 0.05 0.01 0.24 
CO2-H2O-rock reaction 1 0.20 <DL 0.04 3.06 0.07 0.11 0.31 3.15 0.19 0.62 0.29 <DL 0.34 <DL <DL 1.86 0.07 0.01 0.42 
 6 0.34 <DL 0.06 3.49 0.07 0.10 0.37 4.99 0.24 0.77 0.32 <DL 0.28 <DL <DL 2.93 0.09 0.01 0.41 
 10 0.48 <DL 0.07 4.01 0.08 0.12 0.45 6.54 0.33 0.98 0.35 <DL 0.30 <DL <DL 3.91 0.09 0.01 0.49 
 13 0.49 <DL 0.08 3.97 0.08 0.10 0.41 6.42 0.35 0.98 0.39 <DL 0.31 <DL <DL 4.16 0.10 0.01 0.45 
  16 0.64 <DL 0.09 4.07 0.08 0.07 0.52 7.63 0.40 1.04 0.35 <DL 0.28 <DL <DL 4.81 0.10 0.01 0.55 
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